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Introduction 


On the electronic states of the, BH and CH 
radicals the electronic terms observed are 1S*, 
7, * >: * ‘and "I, 44,73, 135 *;@ re- 
spectively, and their electronic structures were 
determined by Stehn® and King®) using the 
semi-empirical approximation. But in their 
calculations the electronic configurations of the 
boron and carbon atom were assumed to be 
only the (2s)(2p) and (2s)?(2p)* ones, respec- 
tively, and the values used for the energy 
integrals were empirically evaluated from the 
experimental! data. Recently, in the work on the 
CH, radical by Niira and Oohata, the electron- 
ic energies of the CH radical were calculated 
using the method of atomic orbital, considering 
both the (2s)?(2p)? and (2s)(2p)* electronic con- 
figurations of the carbon atom, assuming all 
atomic orbitals to be orthogonal to each other. 
The lowest state was found to be the 4. In 
this paper the electronic energies have been 
calculated using the method of the atomic 
orbital. The overlap integrals and all the 
permutations have been explicitly included for 
the 2s and 2p electrons, but no 1s electron 
integrals for the boron atom and the carbon 
atom have been considered. The electronic 
configurations of the boron atom are assumed 
to be both the (2s)?(2p) and (2s)(2p)*, and of 
the carbon atom both the (2s)?(2p)? and 
(28)(2p)*, have been taken into account. 


The Basic Wave Functions for the 
CH Radical 


if the calculation of the CH radical is 
treated as a five electron problem excluding 
the 1s electrons and assuming the (2s)?(2p)? 
and (2s)(2p)* configurations for the carbon 
atom, there are eight possible kinds of the 
electronic orbital wave functions for the entire 
radical, which are given by the products of 
atomic orbitals: 


(1) H. Sponer, « Molekiilspektren 1, Tabellen ”, Julius 
Springer, Berlin, 1925, P. 24. 

(2) J. R. Stehn, J. Chem. Phys., 5, 186 (1937). 

(3) G. W. King, J. Chem. Phys., 6, 318 (1938). 

(4) K. Niira and K. Oohata, J. Phys. Soc. Japan, 7, 61 
(1952). 


1=(2s)(28)(2pa)(2po)(H) 
@P,,= (28) (28) (2pm ,.)(2pa_)( H) 
@;= (2s) (28) (2pa) (2pm +) (A) 
@,=(2s) (2s) (2pr+)(2pr+) (A) 


in the s*p* configuration, and 


W=(2s)(2po)(2pzr , ){2pr-)( H) 
W.= (2s) (2pc) (2p) (2pr+)( A) fe) 
Vv 


( 
3=(2s)(2pr7 +) (2pr+)(2pr=)( A) | 
W4=(2s) (2pe)(2pr+)(2p7+)(H) 


in the sp* configuration for the carbon atom, 
where (2s),(2p0) and (2px) are the 28, 2pca 
and 2pz+ atomic orbitals of the carbon atom, 
respectively, and (H) is the 1s orbital of the 
hydrogen atom. 

Since the spatial symmetry of the CH 
radical belongs to the symmetry group Ca», 


-and the electronic terms with different multi- 


plicity or symmetry do not interact, the basic 
wave functions for this radical, which are 
constructed from (1) and (2) to fit the Pauli 
principle, can be classified by the irreducible 
representations of Cx» (+, S~, I and 4), 
and they are as follows: 
25+ *y- 277 24 4*Y* SAT A 8S 

@, Hi DD Pie 0 0 @ 
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@D, 0 @ 45% “2 0 0 0 O O (38) 
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In this table, it is shown that, for instance, 
there are three basic wave functions arising 
from the @,, each belonging to the type of 
2°, 75~ and +S. Thus there are, in all, 
four basic wave functions belonging to the 
type of 7*, and four, six and three for the 
types of 7, 777 and 74, respectively, and 
sO On. 
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The Secular Equations 


Using these antisymmetrized basic wave 
functions, which are linearly independent from 
each other, a secular equation is obtained for 
each symmetry type. Since the 1s electrons 
of the carbon atom have been considered to 
locate in the nucleus, the total Hamiltonian 
of this system should be given by 


i= ~1/23.4, +4/Reu- S4/ re: 


i==1 


iPeprert t s 1/res. (4) 


t=1 7,7 ==1 
(t/) 
Approximately the perturbing term in the 
present calculation is taken as, 


=4/Ren—4/reos— 1 trait 5 1/riy  (4’) 
= (as) 
where Rew is the nuclear distance between the 
carbon and the hydrogen atom. ro; and raj 
are the distances between the carbon and 
hydrogen atoms and the i-th electron, and 7;; 
is the distance between the i-th and j-th 
electrons. In (4’) electrons 1to4 are the 2s or 
2p orbitals of the carbon atom and electron 
5 is the 1s orbital of the hydrogen atom. 
Then the secular equations can be set up for 
the type ‘’~; for instance, it can be written 
as 


det. | Hy—4i;V | =), 
where 
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+ 6F,S?», +4D geanSsn 
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Au= on SoSon 


1 
WV? 
4og= ce Beat one 


mi,= [re xdr 


mia= | AXED’ yar | 
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where Py shows a permutation between the 
a and H electrons. All the other two-center 
energy integrals are defined in the table by 
Kotani and Amemiya®), and their values used 
in this calculation are deduced from the same 
table, the value of 6 being chosen as 1.59 (in the 
atomic unit) for the carbon atom. The inter- 
nuclear distance between the <zrbon atom and 
the hydrogen atom is taken to be 1.12A,, 
which is the equilibrium distance in the *JI 
state. The values of energy integrals are as 
follows: 


Sx. = 0.5598 
Sen-= 0.4679 
My, =11.174 e. v. 
Mec = 3.085 
Moo =12.205 
Manz =10.658 
Ne = 4.687 
Neo = 4.876 
Noo = 4.742 
Naz = 0.664 
Jn = 9.750. v. 
Jeu = TR * 
Tug =10816 -* 
Jue =12667 * 
Kez =12.362 
Kyc = 4.656 
Koo =14.672 
Kea =11.199 
Kin =12.268 


Lgssn =7.754€. V. 
Leos =6.076 * 
Lun 212818 * 
Leson =2.335 
Lescn =8.036 
Loon = 6.664 
Lasah =7.613 
Laxsh = 1.35 
Leoan =5.782 


L tnoh =().273 


The values of the one-center energy integrals 
are deducec from those which are calculated 


(5) M. Kotani and A. Amemiya, Proc. Phys. Math. Soc. 
Japan, 22 Extra No. 1 (1940). 
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from the Hartree field of carbon atom by 
Ufford®. Accordingly, the energy difference 
between the states *D° and *P of the carbon 
atom is given by 


W.(2D°) om WP) =7.8138 e. v. 


which is slightly smaller than the observed 
value™ (7.94 e. v.). 


The Electronic Energies of the 
CH Radical 


Using these values, the electronic energies WV 
can be computed from the secular equation 
‘5). The resulting energy levels are shown in 
the middle of Fig. 1, and the energy levels 
which are obtained from the (2s)?(2p)* or 
(2s){2p)° only are shown in the left and the 
right of Fig. 1., respectively. The electronic 
energies in this calculation are compared with 
the values by Niira and Oohata which are 
calculated sssuming all the atomic orbitals to 
be orthogonal to each other, and with the 
observed values, in Table 1. 


Table 1 


The Comparison between the Calculated 
and the Observed Values of the CH Radical 
Cale. (e. v.) Cale“. v.) 
(This work) (Niira-Oohata) 
+0.83 +0.31 
+0.14 —0.18 
—0.61 —1.14 (—0.60) 
2.87 —2.95 —3.47 


a> ae .60 —3.00 — 


Exp.e. vy.) 


(+0.47) 
(—0.28) 


3.26 3.94 
3.19 


2.87 


+_,277 3.70 
- —»7]] OL 3.77 
24-2] 2.26 1.81 


The Electronic Energies of the 
BH Radical 


The electronic energies of the BH radical 
are calculated in a similar manner as in the 
CH radical, and the resulting energy levels 
and their comparison with the observed values 


are shown in Fig. 2 and Table 2. In this 


Table 2 
The Comparison between the Calculated 
and the Observed Values of the BH Radical 
Exp. (@. v.) 
2.860 
3.360) 
<3.49 


Cale. (e. v.) 
2.53 
3.08 
4.07 


WIS + 
°S 711 
D cs +) 


(6) C. W. Ufford, Phys. Rev., 53, 568, (1938). 

(7) B. Edlen, Z. f. Phys. 84, 746, (1933). 

(8) G. M. Almy and R. B. Horsfall, Phys. Rev., Si, 
491 (1937). 
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Fig. 1.-—The electronic energies of the Cll radical. 
The origin of the energy is chosen to be C@/)+/@4). 
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Fig. 2.—The electronic energies of the BH radical. 
The origin of the energy is chosen to be B@P) H@S). 
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case the values of the one-center energy 
integrals are calculated from the functions used 
in the two-center integrals. The energy dif- 
ference between the states 7D and ?P° of the 
boron atom is deduced from the spectroscopic 
data: 


Wa(?D) = W 1.(?P°) = 5.932 e. v. 


and the value of 6 is chosen as 1.26 for the 
boron atom. The internuclear distance between 
the boron atom and the hydrogen atom is 
taken as 1.226A. which is the equilibrium 
dlistance of the _S'* state. 


Discussion 


These energies obtained in the present cal- 
culation can explain satisfactorily the observed 
values, a consequence of the fact that the 
electronic configurations of the boron atom 
have been assumed to be both the (2s)?(2p) 
and (2s)(2p)?, and of the carbon atom both the 
(2s)*(2p)? and (2s)(2p)*. Since the overlap 
integrals and the higher order permutations 
have been considered, the resulting values 
become more close to the observed ones than 
in the case of neglecting the overlap integrals. 
The lowest state of the CH radical in this 
calculation is 43>, which is not actually 
observed, but the result is the same as those 
in the molecular orbital approximation by 
Mulliken” and in the atomic orbital by Niira 
and Oohata®. This result is of some interest 
in comparison with the calculation by Niira 
and Oohata™ in which the lowest state of the 
CH. radical is found to be *P. 

But in the present calculation the electronic 
configuration of the carbon atom is assumed 
to be both the (2s)?(2p)? and (2s)(2p)* only and 
the others are not included. Even if the (2p)‘ 
configuration is added to those, the lowest 
state of the CH radical is ‘>)~ as it is. This 
is explained as follows: If the (2p)' electronic 
configuration for the carbon atom is taken, 
there are four possible kinds of electronic 
orbital wave functions for the entire radical, 
which are given by the products of the atomic 
orbitals: 


MX: (2p) (2pa) (2 0 , )(2px_)(H) 
X2= (2pm, )(2px ,)(2px-)(2pa_)(H) (6) 
Xs= (2po) (2pm +)(2pr+)(2prx)(H) , 
Xs=(2po)(2pa){2pmw+)(2pr+)(H) 
These wave functions are classified into the 
symmetry types as 


@) R. 8. Mullixen, Rev. Mod. Phys., 4, 1 (1932). 
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a a =~ 277 24 ss" a ‘JT i4 => 
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Bory Asi, 0.48.8 eS. & 6 8 7 
yO Oug@ o-O--1 ¢ Goes 7) 
Xs eS = @. Ff So 8 @ 4 
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Thus including the (2p)! configuration the 
numbers of the basic wave functions belonging 
to the types *J7 and 4“ increase by two and 
one, respectively. In the 43, the Y, corre- 
sponds to the ®, with the replacement of (2s) 
by (2po), and so considerably interacts with 
the WV, like the @®,. Consequently the elec- 
tronic energy is well stabilized. But in the 
*7T, the ¥3 corresponds to the Ws; with re- 
placement (2s) by (2pa0) and then scarcely 
interacts to the @, and W, like the W;. (The 
dissociation energy obtained for the @, and 
W, is 2.82e.v., while including the Ws, 2.87 
e.v. These results show that the energy is 
stabilized by 0.05e.v. only.) Thus in the lowest 
energy of the 7J7 the <P, and W,, affect it far 
more strongly than the W; and y;: therefore 
even if the Y; is included, it may be improb- 
able that the lowest state of 7J7 becomes more 
stable than the *>-. 

Recently interesting discussions(~@ have 
been offered as to the dissociation energy and 
the ground state of the CH radical. In the 
discussions Glockler has suggested from the 
regularities of bond energies found in various 
hydrides, that the dissociaiton energy of the 
radical 3.47e.v. (80 keal.), estimated by 
Herzberg) assuming *//7 as the ground state 
and usually accepted, is too low and that a 
somewhat larger value of 4.0 e.v. (92.8 kcal.) 
should be taken. 

The results of this work that the ground 
state is not "JZ but *~- and the former lies 
0.73 e.v. higher than the latter seem to explain 
quantitatively Glockler’s results: for, if this 
conclusion is correct, the dissociation energy 
(for the ground state *~) becomes 0.73 e. v. 
larger than that for *JJ (3.47 e.v.), namely 
1.20e.v., which is in close agreement with 
Glockler’s estimation. 

No 1s electron integrals of the boron and 
the carbon atoms have been considered and 
also the ionic states of the radicals and the 


(0) G. Glockler, Disc. Farad. Soc., No. 10, 26 (1951). 

(11) A. G. Gaydon, ibid., P. 108, 

(12) C. A. McDowell and J. W. Warren, ibid., p. 53. 

(13) G. Porter, ibid., p. 115. 

(14) BR. G. W. Norrish, G. Porter and B. A. Thrush, 
Nature 169, 582 (1952). 

(15) G. Herzberg, «* Molecular Spectra and Molecular 
Structure, I. Spectra of Diatomic’ Molecules,” 2nd ed. 
D. Van Nostrand Co. Inc., New York, 1950. 
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other excited states of the atoms of the radicals 
are not included. In the excited states of the 
radicals the effects of these states seem to be 
fairly large, and so strictly speaking it may 
be desirable to carry out a calculation includ- 
ing those states. 

As the nuclear distances in the present 
calculation are taken to be the observed values 
for the ground states, but these are not always 
equal to the values for the excited states. 
Accordingly, the electronic energies of these 
radicals should be calculated changing the 
nuclear distances. 


Summary 


The energy levels of the CII and the BH 
radicals have been calculated by the method 
of atomic orbitals, taking both s*77 and sp* 
configurations together for the carbon atom 
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and s*p and sp? for the boron atom and in- 
cluding the overlap integrals and the higher 
order permutations. The values obtained are 
in excellent agreement with Observations. 
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Note on Polymer-mixed Solvents System. III. 


Selective Adsorption 


By Toru KAWAI 


(Received June 13, 1952) 


A recent paper by Ewart, Roe, Debye, and 
McCartney (E. R. D. M.)™ on the light 
scattering of polymer dissolved in_ binary 
mixtures suggests that this method should 
yield interesting information regarding the 
interaction of polymer not only with good 
solvents but with non-solvents. As was shown 
by the authors mentioned above, the addition 
of a third component to a polymer-solvent 
mixture should cause a change in light scatter- 
ing due to preferential adsorption of one or 
other of the solvent components by the poly- 
mer. Result obtained by them may be written 


lim (r/¢)=M x (82 2°n?/3X4No)(On/ de 


c->0 


+a on/p)’, (1) 


where t=turbidity, c=concentration of poly- 
mer, JZJ=molecular weight of polymer, n= 
refractive index, A=wave-length of exciting 


(1) R. H. Ewart, C. P. Roe, P. Debye and J. R. Mc- 
Cartney, J. Chem. Phys., 14, 687 (1946). 


radiation, No=Avogadro’s number, # =volume 
fraction of solvent in a solvent-diluent mixture 
exclusive of the volume occupied by the poly- 
mer, and a= —op/ode. 

The significance of this factor @ can bn 
understood as a measure of the change ie 
composition of the solvent-diluent mixture 
(surrounding the polymer) due to selective 
adsorption. Thus, if the solvent component 
adsorbed has a higher refractive index than 
the diluent (on/oyv>0), the ratio of polymer 
concentration to turbidity in the limit of zero 
concentration, (¢/7T)o, should decrease. The 
contrary would be true if the refractive indices 
were in the reverse order. 

On the other hand, a comprehensive theory 
of composition fluctuations in multi-compo- 
nent systems has been developed independently 
by Kirkwood and Goldberg,®) and Stock- 
mayer.®) In their discussions, the deviation 


(2) J. G. Kirkwood and E. J. Goldberg, J. Chem. Phys., 
18, 54 (1950). 
@) w. H. Stockmayer, J. Chem. Phys., 18, 58 (1950). 
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of the value of M calculated from the limiting 
value, (7/¢)o, from the true molecular weight 
was interpreted as showing that the thermo- 
dynamic interaction between a polymer and a 
diluent may cause the former to induce com- 
position fluctuations with respect to the latter 
of the same order of magnitude as composition 
fluctuations with respect to the polymer species 
itself. Therefore, the approximate treatment 
of E. R. D. M., in which such deviation was 
discussed under the consideration of selective 
adsorption of one of the solvent components 
by polymer, should be regarded as a supple- 
menting one on some molecular assumption 
rather than the basis for an exact analysis of 
turbidity data. However, such an approximate 
treatment may give some interesting informa- 
tion concerning selective adsorption in the 
actual polymer-mixed solvents systems. It 
will be shown in the present paper that the 
magnitude of selective adsorption can be well 
interpreted quantitatively by the interaction 
parameters characterizing the polymer-mixed 
solvents system, which were introduced in the 
free energy expression presented in the pre- 
vious paper. This will enable us to estimate 
the magnitude of selective adsorption in any 
System if the values of the interaction para- 
meter are’ known. (The various methods by 
which the interaction parameters can be cal- 
culated were already presented in the previous 
paper.©) Here it is also shown that these 
parameters can be computed from turbidity 
data by considering the dependence on polymer 
concentration. 


The Significance of the Factor @ 


The theoretical treatments of light scattering 
in multi-component systems permit us to 
express the results of light scattering measure- 
ments in the language of thermodynamics. 
According to Stockmayer,® turbidity 7 is 
adequately represented by an equation of the 
form 


T=AV SS ivibiAu/ | a | (2) 


where H =32z7'n?kT/3x'‘, Vi=(dn/omi)7,P.m (n 
is the refractive index, and the quantities m: 
of the component i in volume V may be 
measured by any desired units, the definitions 
of their chemical potentials 4; varying accord- 
ingly), a:3=(Gpr/om;)7,P,m, | as; | represents 
the determinant of all the a;;, and Aj; is the 
co-factor. From Eg. (2) the difference Jr, 


(@) T. Kawai, This Bulletin, 25, 336 (1952). 
(5) T. Kawai, This Bulletin, 25, 341 (1952). 
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between the turbidity of the polymer 3-solvents 
1 and 2 system® and that of the solvents 
mixed in the same proportion in. the absence 
of polymer, may be written 


Ar/ HV = V3a22—2Y WV stast Yar: V2? 


233022 — a,;* G22” 


(Ws (Ga8/ 22)? ve —— =) , (3) 


o 
133 — Gag" / An 22 Azz 





where the superscript zero denotes a solution 
containing no polymer. Obviously from the 
discussion in the last section on the dependency 
of the a’s on polymer concentration, (47 /HC)o 
at infinite dilution, may be given by 


(47 /HC),= Miv3— (az5/ a2) V2)". (4) 
Eq. (4) agrees with the result of FE. R. D. M 


(Eq. (1)). The correspondence is better seen 
when the equality 
= \ » 
Gus Jaas ol (Op2/Oms)r, P,mz 
(Op,/ OmM:+)T, P,mq 
= —(om,/Oms)7, Pv (5) 


is examined. It is clear that the ratio a,;/a.. 
is the analogue of the factor @. Thus, we 
can assume the factor @ as a measure of the 


- magnitude of selective adsorption, because the 


significance of the factor can be interpreted 
through the thermodynamic description of 
light scattering in the multi-component system. 


Theoretical Treatment of Selective 
Adsorption 


In the previous paper™ a general free energy 
expression covering much of the experimental 
data has been derived for the polymer-mixed 
solvents system, removing the Scott’s assump- 
tions, which are not always applicable to 
the actual cases. The partial molal free energy 
of components may be written 


4F,=RT{(V;/V5){In v1 +(1—1/2) Ug + psvs"} 
+(Vi/RT){Ai207 + Argv3? 
+ (Ay, + A13—Az3)¥23}] (6a) 
AF, =RT[(V3/V){In v2+(1—1/2)vs+ pesvs?} 
+ (V2/RT){Ar1? + Aas” 


+ (A+ A23—A13)0103}]- (6b) 


(6) Here we adopt the same notation of components 1, 
2, 3 as employed in the previous papers (reference 4 and 
5) instead of that of Stockmayer. 

(1) BR. L. Scott, J. Chem. Phys., 17, 268 (1949). 

(8) ‘See Eq. (19a, b) in reference 4. As discussed there, 
the volume of polymer submolecule is larger than mole- 
cular volumes of both solvent and diluent in the actual 
systems. 
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The notation of these equations is similar to 
that was employed in the previous paper.“ 
Generally, when two phases co-exist in 
equilibrium, 
ZF =4F,” 
AF,’ =4F,/’ 


AF,’ = AF,’ 


must be fulfilled in a three component system. 
(Here we distinguish the two phases by primes 
and double primes.) Combining Eqs. (7a) and 
(7b) through respective substitution from 
Eqs. (62) and (6b), there is Obtained 
In(v,’/v2’)—In(v,""/v,"") =(W3/RT)L{ Air.” 
—Aj301"? +(Aig— Aas) 03’? +(Arzt+ Ais 
— Ays)02""03"’ —(Ayg+As3— Ai3)01"v3""} 
—{Aj202"?— Aj3117 + (Ai3— Aas) U3 
+-Ay3— Ags) V2’03’ —(Aj2+Aa3—Aig)01’03’ } J 
(8) 
If we write v,'/v,'=0’, v.’’]v,/"=0", 4= 


%/(1+80), and v,=@v9/(1+6), Eq. (8) may be 
converted to the form 


- 10’ 
1n(6”/6’) =(Wa] RD)| (v9! — 09" (3 roe 


a \. Sa te £(o 4} | 
Ast Ais, Vo \ er) 1+0’ jan} 
(9) 
Here we rewrite 0’ =@, and 0’’=0+ 40. Then, 
{6 =) 
| 1+90” 


in series of 40/0, and neglecting 


expanding the terms In(@’’/0’) and 


He) 


terms after the first two, it follows that 


46/0=\Vs/RT)| — Av) ~(; — 9A Ais 


| \1+é@ 


+ {2(1—v3’")40/(1+0)?} x Ars 


{1/0—[2(1—v,"’)/ (1+0)?] x AiV3/RT}40 


(10) 


Pe ee Oe | on, \ 
= (J s[ RT) 405) ( <@)4u Ast Aas, 


(11) 


, 


where Jv,=1;'’—v3' =U9'--"". . 

Now, let us turn our attention to a polymer 
molecule in the solvent and consider the influ- 
ence of its environments on it. It may be 
assumed that each molecule is distributed 


(9) Eq. (78) xV3/V¥y—Eq. (7 b) x Vg/V2 
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within an effective volume such as is often 
considered in the treatments of high polymer 
solutions especially for coiled molecules.0 The 
relations concerning the partition of the two 
solvents inside and outside of this effective 
volume pervaded by a polymer molecule will 
be obtained from the condition of the equili- 
brium between the above region and its 
environments. Approximately Eq. (10) may 
be applicable to this equilibrium, although, 
strictly speaking, the partial molal entropy in 
the region assumed could not be expressed by 
the entropy terms in Eqs. (6a, b). 

Since the values of A,.V;/RT are supposed 
to be comparatively small in usual cases,@ 
the term {2(1—v3’’)/(1+0)?}*AyV3/RT in 
Eq. (11) can be neglected as compared with 
1/0, if @ were sufticiently small. (We assumed 
here liquid 1 is a principal solvent, and liquid 
2 a diluent.) Thus, Eq. (11) becomes 


— 46/0 


a { (1-0 
=(V s/RP) Avs) - (56)4u- Ajgt Ags 


Since 40/0 is assumed to be a measure of the 
magnitude of selective adsorption and the A’s 
are the interaction parameters characterizing 
the polymer-mixed solvents system, Eq. (12) 
enables us to estimate roughly the magnitude 
of selective adsorption in any system. 

It was shown in the previous paper® that 
the medium containing non-solvent to some 
extent sometimes behaves as a better solvent 
than the pure solvent itself, and that the 
solvent power of the mixture shows a maximum 
at the solvent-precipitant composition which 
fulfils the condition; 


ae time fee TO ” 
\b (RT) (59) Av Ax: Aus) == 


Thus, we can draw an interesting conclusion 
from Eqs. (12) and (13) as follows. Namely, 
when the solvent has a strong solvent power 
and the diluent has a strong precipitating 
power, a polymer molecule exhibits a con- 
spicuous preference for the solvent molecules 
in its statistical environment. In this case, of 
course, the solvent ability of the mixture 
decreases uniformly with increasing @ as was 


(18) 42) 


(10) For example, see T. Kawai, This Bulletin, 24, 70 
(1951). 

(11) Although the exact values of Vs; cannot be deduced, 
the Ajo values calculated from vapor pressure data in 
various two liquids systems show that the values of Aq 
V,/RT are anticipated in the range from 0.5 to 2.0. 

(12) See. Eq. (7) in referencé (5). Vo is a mean value 
of the volumes of the solvent and the diluent. 
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discussed in the previous paper (when A.;— Ais 
>A, the solutions of Eq. (18) cannot afford 
any physical meaning). When the solvent 
abilities of the two liquids do not differ very 
much from each other, selective adsorption is 
not notable. However, the contribution of 
the parameter A;, must be considered. When 
the (A.,;—Aji3) value becomes comparable to 
the Aj. value, the magnitude of selective 
adsorption depends considerably on the solvent- 


diluent composition as seen in Eq. (12). 
Actually, this can be true only when the 


(Asz—A4g) values are tolerably small since the 
values of A,, are comparatively small. If A.;— 
Ai;<Aj., an inversion in the sign of 40/0 in 
Eq. (12) occurs with increasing 0, i. e., the 
diluent is rather preferentially adsorbed by the 
polymer until @=@,., at which Eq. (13) is 
satisfied, and hereafter the solvent is adsorbed 
much more than the diluent as in usual cases. 
This corresponds to the fact that the solvent 
ability of the medium is improved in the first 
stage of addition of the diluent, and, after a 
certain solvent-diluent composition is reached, 
it decreases as the content of the diluent 
increases. As was discussed in the previous 
paper, it appears also from experiments that 
this phenomenon occurs sometimes in polymer- 
mixed solvents systems. The turbidity data 
presented by Blaker and Badger) for 
nitrocellulose-two liquids systems can well be 
interpreted from the above reasoning. Quantit- 
ative discussion is impossible because the above 
treatment can not be applied to non-flexible 
chains such as nitrocellulose. However, con- 
sidering that the energy term in the free 
energy expression gives predominant contribu- 
tion to the result obtained in the above 
approximate treatment, it may be clear that 
we can roughly estimate the magnitude of 
selective adsorption even in such a case. The 
experiments of Blaker and Badger can be 
understood from the above procedure as follows; 
the diluent is positively adsorbed by the 
polymer in the solvent-diluent composition 
range used (@<6,). As Blaker and Badger 
pointed out, rather strong interaction between 
nitrocellulose and non-solvents is not surprising 
from many experimental facts.“ 


Comparison with Experimental Data 


The factor @ is not a characteristic constant 
of any one system, because it does not appear 
to behave in the same way for different systems. 
The value of @ varies with the volume occupied 


(13) BR. H. Blaker and R. H. Badger, J. Am, Chem. 
Soc., 72, 3129 (1950). 
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by the polymer in the solvent (accordingly with 
molecular weight and concentration of the 
polymer etc.) and solvent-diluent composition. 
If we adopt the assumption of E. R. D. M. 
concerning the physical size of the effectively 
pervaded volume of a polymer molecule in 
the solvent, the factor @ may be written as 


oP v - , ’ 
a=— =( a), '—@r’) 
7 


‘ (14) 
oe m 

where v is the volume effectively occupied by 
a polymer molecule, m its mass, v the partial 
specific volume of the polymer and (P,’’ — Py’) is 
the difference in the volume fractions of solvent 
between in the effectively pervaded volume and 
in its environment.“ The value of v/m can be 
calculated from the intrinsic viscosity of the 
solution by employing the relation [7] =2.5 v/m 
(with concentration measured in grams per cc.). 
Since 40/0 in Eq. (12) can easily be computed 
from the (P,’’—@P,’) value thus obtained, we 
can examine the validity of Eq. (12) comparing 
with turbidity data. (Since Jvz=v;'' in the 
present situation, Jv, can be estimated from 
the relation | 4]=2.5/73’’p, where p is the density 
of the polymer.) For this purpose the light 
scattering data of E. R. D. M. on solution of 


polystyrene in benzene-methanol mixture is 


cited. As will be discussed in the next section, 
the interaction parameters 13, M2:, and p12 
have been employed instead of Aj;, A.s, and 
Ay, respectively (13=(Vo/RT)Ais, f23= 
(Vo/RT)A23, pfaz=(Wo/RT)Arz)%, and these 
parameters have been calculated from the 
dependency of turbidity on polymer concentra- 


tion. Thus Eq. (12) may be rewritten as 
— 46/0 
ee (=) | ‘ 
(V3/lVo),— ot fe3— 13,43 (15) 
; L AMeG Shetty 


In Table 1 the numerical calculation of Eq. 
(15) for this system is illustrated. The V;/Vo 
values calculated by Eq. (15) show a satisfac- 
tory constancy for different compositions of 
the solvent-diluent mixtures as was shown in 
the last column in Table 1. In spite of the 
approximation supposed here, the result is 
rather surprising. 

Owing to the scantiness of available data, 
we cannot show that the theory presented 
here gives a satisfactory explanation of the 


(14) Considering that the (g1!! —¢g,') values depend on 
the solvent-diluent composition, we assume 4@/@ a5 @ 
measure characteristic to the system with regard to the 
magnitude of selective adsorption. 

(15) Vo is a certain mean value of the molal volumes 
of solvent and diluent as employed in reference (4). 
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Table 1 


Numerica] Calculation of Eq. (15) for 


Polystyrene-benzene-methanol System 


39.45, pag =3.20, pryg= 2.67 


gi gi’ —¢y' — 40/0 -(5 
1+@ 

1 0 0 

- 925 0.25 0.0359 

90 0.51 0.0563 

875 0.79 0.0679 

85 1.00 0.0775 


experiments in many other systems. The 
interaction parameters for polystyrene-buta- 
none-isopropanol system are calculated as 
faz =9.168, 443 =0.487, and p2;=0.711 from the 
turbidity data in the same paper. (y:;=0.471 
from the osmotic pressure data of Doty, 
Brownstein and Schlener@)) In this system 
aon/oPp is negligible compared with dn/3dc, 
and the limiting value of 7/HC at infinite 
dilution gives polymeric molecular weights in 
agreement with those found in pure solvents. 
Since this condition is fulfilled if either @ or 
on/de is sufficiently small and On/de is ex- 
tremely small in this case (On/d¢e=0.0004), 
the value of @ cannot be deduced from the 
turbidity data. It is supposed, however, from 
the y’s that @ is probahly very small in this 
system. Since the interaction parameters can 
be estimated from various other measurements 
of the colligative properties of polymer solu- 
tions as discussed in the previous paper, we 
can anticipute the magnitude of selective 
adsorption in any system. 


Calculation of the Interaction 
Parameters 


The theories of light scattering in multi- 
component systems presented by the above 
mentioned authors provide a complete descrip- 
tion of turbidity in the language of thermo- 
dynamics, although the significance of the 
interaction parameters employed individually 
by them is a little different in each case. If 
the relations between the parameters employed 
in our treatment and those of the others are 
given, we can compute the parameters in Eq. 
(15) from turbidity data. 

The statistical treatment of general multi- 
component systems by McMillan and Mayer“) 
permits us to express the activity coefticient 

Y; of component as 


(16) P. Doty, M. Brownstein and w. Schlener, J. Phys. 
Chem., 53, 213 (1949). 

(17) W. G. McMillan and J. E. Mayer, J. Chem. Phys., 
13, 276 (1945). 


) erat Han 35 [] Avy ValVo 


0.45 131. 0 

0.48 122. 0.0224 

0.61 118. 0.0208 7 
0.75 110.6 0.0194 -53 
0.88 102.6 0.0189 -93 


1 4a’ 
In});=— SB onl ¥ ) a(er)"- (16) 


Csun 


from Eq. (82b) in their paper (the notation is 
entirely the same with what employed by 
them), which may be written for the present 
system (8) 


In ¥,= 2B* 901+ B* 1C2+ B* 20.7 
+2B*10,Cz+++** 

In ¥2=2B*o,C.+ B* 1,0, + BrCl? 
49B*C\Cat--++, (17d) 


where the irreducible integral, B*;;, shows that 
the integral for i molecules of component 1 
(diluent) and j molecules of component 2 
{(polymer).(®) Now, according to the notation 
employed by Kirkwood and Goldberg, the 
activity coefficient either of the solvent additive 
lor of the polymer 2 is represented by the 
form 


2 2 
Y AnCr+ | 2 BipCsCre (18) 
=1 py =| 


In ‘= 


fe j 
Comparing Eq. (18) with Eqs. (17a, b), it is 
clear that the interaction parameters of Kirk- 
wood and Goldberg correspond to the above 
irreducible integral B*;;. 
On the other hand, the parameier 8 of 
Stockmayer may be written from Eq. (18) 


B= In ¥1/dm,= Ay2M2+2Bi22M.?m, 
+2By.M,Mm,+:-++ (19a) 

Ba=d In ¥2/dm=AnM 2Boy,My? my, 
+2B.,.M,Mm-4 


where M; is molecular weight of component 7. 
(the quantities m; have been expressed in 
molalities.) 

Obviously from the definition of 8, 


Bu=Ba- (20) 


(18) For convenience, the notation of components 1, 
and 2 employed by Kirkwood and Goldberg was used 
throughont in this section. 
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So, the following relations exist between the 
parameters of Kirkwood and Goldgerg; 


Aj2/ An = Bi2/ Bon = Bizz] Bo, =M/ M2. (21) 
And 
Bu=AyM+2Bi2MiMem,+ a ieie 


Bx, = AxgM,+2Ba12M,\M.m,4 «++ 


(22a) 


(22b) 


Similarly, the expressions for the a’s in Eqs. 
(2)~(5}) are easily obtained, but are not 
presented here. 

Although the interaction parameters /412, (413, 
and p2; in Eq. (15), which have been used 
throughout in our preceding papers, can strictly 
be related to those of the above mentioned 
authors, the following approximate method 
offers a convenient means for calculation of the 
parameters (12, fiz, and p22, To indicate 
clearly the dependency of turbidity on polymer 
concentration, Eq. (8) may be rewritten (from 
Eq. (3, 5) in reference 3) 


HVm,/ 4rRT={1/[Y2—(m Bui) /(1 
+ Bum,)}?}{14+ [822— (mi 812”)/ (1 
+ 81ym,)]mz+----}. (23) 8) 


On the other hand, Scatchard showed that 


(19) G. Scatchard, J. Am. Chem. Soc., 68, 2315 (1946). 
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the osmotic pressure P in two diffusible com- 
ponents-one non-diffusible solute systems may 
be expressed by the equation 
P=AM,(m,+ BM.m,? +4 (24) 
where 2BM,=8.2.—(m18127)/(1+81m1). (See 
Eq. (85) in reference 19) It is easily seen from 
Eq. (23) and (24) that we can calculate the 
second virial coefficient in the osmotic pressure 
expression by power series expansion in poly- 
mer concentrations from the light scattering 
data in polymer-mixed solvent systems. The 
method of estimating the parameters f12, (13 
and 2; from the second virial coefficient in 
the osmotic pressure expression for various 
solvent-diluent compositions, is already repre- 
sented in the previous paper.© 


The writer wishes to thank his director, 
K. Makishima, for constant encouragement 
and many helpful suggestions. This report was 
presented at the Fifth Meeting of the Chem. 
Soc. Japan, at Tokyo University, April, 1952. 
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Introduction 


It was reported in the previous paper®) that 
the electrolytic reduction of benzoic acid at a 
lead cathode in acid solution gave benzyl 
alcohol and the reduction was favored under 
high pressure. Structually, cinnamic acid 
resembles benzoic acid, with the only exception 
that the latter has no a, B-unsaturated double 
bond between phenyl- and carboxyl-groups. 
It is probable, therefore, that cinnamic acid is 
reducible to ‘Y-phenylpropyl alcohol under 


(1) This paper was presented at the Annual Meeting 
of the Chem. Soc. Japan, held at Tokyo, April, 1951. 
(2) 8. Ono and T. Yamauchi, This Bulletin, 25, 404 (1952) 


suitable conditions, as in the case of benzoic 
acid. 

Already, Inoue) reported that the electrolyt- 
ic reduction of cinnamic acid at a lead cathode 
in alcoholic sulfuric acid solution gave the Y- 
phenylpropyl alcoho] in 38% yield. But, later, 
Wilson®») explained that the Y-phenylpropyl 
alcohol and glycol which Inoue had claimed 
to isolate by the reduction of cinnamic acid 
were essentially ethyl 8-phenylpropionate and 
diethyl 8,Y-diphenyladipate respectively. 

In this paper, it is intended to discuss the 


(3) a) H. Inoue, J. Chem. Soc. Ind. Japan, 24,916 (1921). 
b) C. L. Wilson and K. B. Wilson, Trans. Electro- 
chem. Soc., 84, 153 (1943); C. L. Wilson, ibid., 92, 369 (1947). 
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reduction mechanism of cinnamic acid, the 
change in products resulting from a change 
in experimental conditions, and moreover, to 
develop the influence of external pressure in 
the course of the electrolytic reduction. 


Experimental 


(1) Materials.—Cinnamic acid was prepared 
by the usual method in this laboratory. It had a 
m. p. of 132-133°C. Solvents used in these ex- 
periments were ethyl-, methyl- and iso-amyl- 
alcohols, 

Cathodes used were as follows; 

a) Lead cathode: commercial products (99.9% 
purity), a sheet or tube type (100cm.”), it was 
oxidized before use. 

b) Mercury cathode: purified by washing with 
nitric acid and distillation in a vaccum, cathode 
area (16 cm.?), 

c) Zinc amalgum cathode: prepared by the 
electrolytic method. cathode area (16 ¢m.?). 

d) Platinized-platinum cathode: cylindrical 
platinum plate (l00cm.?) was platinized by the 
electrolysis of platinic chloride solution. 


(2) Reduction Method.—The usual diaphragm 
type of the electrolytic cell was used. A porous 
cup (17cm.x4.6¢em.) was placed in the cell as a 
cathode compartment and the cell was immersed 
in a water-bath to maintain the desired temper- 
ature. The reduction was carried out in the 
same manner as described in the previous paper. 
Usually twice the theoretical amount of current 
was passed. 


(8) Isolation and Estimation of Products.— 
(a) Reduction at a Pb-, Hg-, and Hg-Zn- 
Cathodes.—When the reduction was completed, 
the catholyte was decanted into a beaker, cooled 
and any precipitates which remained were filtered 
off. Then it was extracted with ether and washed 
with water. 

After evaporation of ether, the remaining 
viscous liquid was steam -distilled. 

(i) Distillate from steam-distillation was ex- 
tracted with ether, and dried with anhydrous 
sodium sulfate. Evaporation of ether gave a 
liquid, which was distilled under diminished 
pressure. The fraction coming over at 106-112°/10 
mm.Hg was collected. MRedistillation gave a 
liquid, b. p. 110-112°/10 mm. Hg, Dg 1.0101, np® 
1,4920, identified as an ethyl &-phenylpropionate. 
(Found: C, 74.23; H, 7.8. Calculated for Cy;H 409: 
C, 74.16; H, 7.86). Saponification with 20% 
alcoholic potassium hydroxide solution gave a 8- 
phenyl-propionic acid, m, p, 48-49°C, 

(ii) Residual solution from steam -distillation 
was neutralized with potassium hydroxide solu- 
tion, then extracted with a large volume of ether. 
Evaporation of ether gave a light yellow oily 
liquid from which a fine precipitate (m. p, 112- 
113°C.) was separated by standing overnight. 


(4) Sakurai, This Bulletin, 7, 155 (1932). 
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Recrystallization from ethyl alcohol gave a color- 
less prism, m, p. 116-116.5°C, It was identified 
as a meso-diethyl diphenyladipate. (Found: C, 
73.38; H, 7.04. Calculated for Cost g04: C, 74.55; 
H, 7.39). 

The remaining oily liquid was treated with 
excess potassium hydroxide solution and cvoled. 
Acidification with conc. hydrochloric acid pro- 
duced a semi-solid materials which was treated 
with ether. The bulk of meso-diphenyladipic 
acid, (m. p. 260-265°C.), remained undissolved 
by ether. Evaporation of ether left a highly 
viscous liquid, from which insoluble diphenyl- 
adipic acid (m. p. 165-170°C.), was separated by 
treating with hot benzene. 


(b) Reduction at a Pt-Pt Cathode.—<After 
completing the reduction, the catholyte was 
diluted with water to some extent, then extracted 
with ether. The ether extracts were collected, 
washed with water and dried over anhydrous 
sodium sulfate. After evaporation of ether, the 
remaining liquid was distilled under diminished 
pressure. The fractions obtained were character- 
ized. The reduction of cinnamic acid gave a 
cyclohexylpropionic acid, b. p. 143-145°/11 mm. 
Hg., m. p. 16°C., D,”° 0.9966, np? 1.4658. (Found: 
C, 70.03; H, 9.68. Calculated for CgH,0.: C, 
69.3; H, 10.25) 


(4) Constants of Products.—The following 
products were obtained in the present experi- 
ments, 

(i) A-Phenylpropionic acid, m. p. 48-49°C., 
recrystallized from ligroin. 

Ethyl ester, b. p. 110-112°9/10mm.Hg, D5 
1.0101, np 1.4920 

Methyl ester, b. p. 126-128°/25mm.Hg, DD,» 
1.0420, np” 1.5102 

iso-Amyl ester,'b. p. 136-138°/7 mm.Hg, np® 
1.4840 

(ii) 8,r-Diphenyladipic acid 

a) Meso acid, m. p. 200-265°C, recrystallized 
from EtOH. 

Diethyl ester, m. p. 116-116,5°C. 

Dimethyl ester, m. p. 175-176°C. 

Di-iso-amyl ester, m. p, 120-121°C. 

b) Racemic acid, m. p. 170-175°C. 

(iii) Cyclobexylpropionic acid, m, p. 16°C, b. 
p. 143-145°/11 mm. Hg D,?° 0.9966, np?° 1.4658. 

Ethyl] ester, b. p. 91-94°/8 mm.Hg, D,”® 0.9674, 
np” 1.4488. 


Results and Discussions 


(1) Effect of Cathodes.—The reduction 
at a Pb cathode gave $-phenylpropionic acid 
(I) in 45-70%, 8, 7Y-diphenyladipic acid (II) 
in 10-20% and polymeric material (III) (so- 
called benzene soluble factor), but Hg cathode 
gave only 6-10% of (I), the remaining 90% 
consisting of approximately equal amounts of 
(II) and (III). Hg-Zn cathode also gave the 
similar results obtained from a Hg cathode in 
a weak acid solution, but gave less £,7- 
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diphenyladipic acid and (III) in a strong acid 
solution. 

On the other hand, Pt-Pt cathode gave no 
bimolecular compounds, whereas it gave rise 
to cyclohexyl compounds as well as 8-phenyl- 
propionic acid. It was also determined that 
the reduction of unsaturated ethylenic double 
bond took place first and then that of benzene 
Ting in the case of Pt-Pt cathode. 

When cinnamic acid (0.05 mol.) was reduced 
for 6.0amp.hrs., the main product was £- 
phenylpropionic acid, but the prolongation of 
the reduction for 15.0 amp.hrs., gave the 
cyclohexylpropionic acid. This fact shows that 
the reduction process at a Pt-Pt cathode 
contrast sharply with that pursued at a Pb or 
a Hg cathode. In any case, the carboxyl 
group in cinnamic acid was observed to be 
quite resistant to the electrolytic reduction, 
that is, no Y-phenylpropy] alcohol was pro- 
duced. 

Table 1 gives the yield of products obtained 
from the different type of cathodes. 

The characteristic properties of the Pt-Pt 
cathode had been discussed in an other pajer.© 


Table 1 


Effect of Cathodes 
Catholyte; Cinnamic acid 14,8¢., EtOH 60 ml., 
Sulfuric acid 40 ml., Quantity of Current; 
12 amp. brs., Temp. 25-35°C, 


Products. 
H,SO, C. D. — 


(%) (amp./dm?.) <A B Cc 
(%) (%) (%) 
Pb ‘ 3.0 70 10 
? 3 3.0 45 18 
Hg-Zn 7 10.0 40 24 
a ‘ 10,0 15 49 
Hg ; 10.0 10 24 
a 2 10.0 D7 
Pt-Pt 7: 5.0 
5. 


R 
Xo. Cathode 


a 0 


Run Nos. 7 and 8; Cinnamic acid, 7.4¢., Q. 
Current, 15.0 amp. hrs. 
Product; A: #-Phenylpropionic acid. 
B: §8,7r-Diphenyladipic acid. 
C: Cyclohexy!propionic acid. 


Note: In the forthcoming Tables, the yield of 
benzene soluble factor was omitted, 
owing to the difficulty of separating a 
pure form from benzene solution in 
which usually small amounts of A- 
phenylpropionic acid and 8, 7-diphenyl- 
adipic acid were included. 


(5) 8S. Ono, T. Hayashi and J. Nakaya, Presented at the 
Symposium on Electro-organic Chemistry of the American 
Electrochem. Soc., held at Detroit, Oct., 1951. 
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(2) Effect of High Pressure.—The special 
study was undertaken to develop the effect of 
high pressure of hydrogen in the course of 
electrolytic reduction. Examination of these 
results (Table 2 and 3), shows that the reduc- 
tion of cinnamic acid under high pressure of 
hydrogen at a Pb, Hg, or a Hg-Zn cathode, 
and also at a Pt-Pt cathode, gave quite the 
same products as in the case of the ordinary 
state. 

It was observed that the formation of 8, Y- 
diphenyladipic acid was favored at high pres- 
sures, especially in the case of Pb cathode. 
However, an increase in the hydrogen pressure 
has no clear effect on the products, and 
moreover, at a Hg cathode, there are no 
remarkable changes in the yield of products. 

In the case of Pt-Pt cathode, an increase in 
the yield of cyclohexyl compounds is not 
proportional to the hydrogen pressure. 

So far as the hydrogen overvoltage is con- 
cerned, there would be no definite conclusion 
in regard to the high pressure. Therefore, 
the influence of hydrogen overvoltage may be 
omitted in this stage. It is a new attempt to 
study the influence of high pressure in the 
course of electrolytic reduction of organic 
compounds. And the electrode reaction is not 
well settled for the time being; therefore, no 
conclusion comes from these results on this 
matter. 


(3) Effect of Temperature.—In the present 
experiments, using either Pb, Hg, or Hg-Zn 
cathode, cinnamic acid gave bimolecular com- 
pounds, as well as @-phenylpropionic acid. 
Wilson®>) suggested that the bimolecular 
compounds were produced by the dimerization 
of free radicals, PhCHCH,COOH, from cinnamic 
acid. 

In connection with the acid concentration, 
the temperature was observed to affect the 
formation of bimolecular compounds. 

The results are shown in the Table 4. 


(4) Reduction Mechanism.—<As for the 
formation of Y-phenylpropy! alcohol, cinnamic 
acid has a conjugated system between the 
phenyl and carboxyl groups, if it were probable, 
the reduction would proceed in the formation 
of §-phenylpropion aldehyde or cinnamyl 
aldehyde and further Y-phenylpropyl alcohol. 
But it must be pointed out that the carbon- 
double bond is more active for the electro- 
lytic reduction, as is seen in the case of @, 
8-unsaturated ketones. 


(6) J. O’m Bockris, Chem. Rev., 43, 538 (1948). 
(7) Pasternack R. and V. Halban H., Helv. chim. Acta., 
31, 753 (1948). 


oo 
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Effect of Hydrogen Pressure (a) Reduction at a Pb, Hg-Zn or Hg Cathode. 
Catholyte; the same as in Table 1 


H,SO, Temp. 


Cathode (%) (°C) 


Run No, 
Pb 75 50—55 

” y ” 
30—35 


40—45 


Hg-Zn 40—45 
VA ’ 
40—45 
? 


Table 3 
Effect of Hydrogen Pressure (b) 
Reduction at a Pt-Pt cathode 
Catholyte; Cinnamic acid 7.4g., EtOH 60ml., 


Sulfuric acid 20 ml., Quantity of Current; 
15 amp. hrs., Cathode (100 cm.’) 


Run H,SO, Temp. O..D. Press. 

No. (%) (°C) (amp./dm.?) (atm.) (%) 
75 25—35 5.0 75 
a Y 3 76 
40 " : 5. 35 75 
a ) : 71 
28 


VA 


Product. 


C; Cyclohexylpropionic acid. 


would take 
(shown in 


Assuming that the reduction 
place by the following process, 
Fig. 1) 

After coordination of proton at an alpha 
carbon atom, forming the free radicals and 
‘further @-phenylpropionic acid, or bimolecular 
compounds, there would be no conjugation 
between carboxyl and phenyl groups; that is, 
under these conditions, the electronic interac- 


Products 
Press. ae 
(atm.) A B 
(%) (%) 
10.0 79 6 
? 2: 64 14 
60 17 
50 22 
52 
40 
42 
ise 
o¢ 
32 


2 
ou 


©. D, 
(amp./dm.?) 


53 
47 


Table 4 
Effect of Temperature 

Catholyte; the same as in Table 1 
Products 
H,SO, Temp, CDhR o-— 
(°C) (amp./dm.4) A B 
(%) (%) 
Pb 5 25—35 3.0 70 10 

g / 55—60 3.0 75 

F 0 79 

3.0 60 

3.0 70 

0 62 

42 


Run Cathode 


No. (%) 


3. 


9 Hg-Zn 7! ‘ 2: 10. 
10 4 t 10. 


11 Hg 


25—30 10. 
12 7 55 


55—00 10. 


tion between them no longer exists. 

Therefore, the carboxyl group in cinnamic 
acid would not be reduced to the corresponding 
aldehyde or alcohol. 

It is of interest to see the fact that the 
reduction of cinnamic acid at a Pt-Pt cathode 
gave cyclohexyl compounds. 

Judging from the fact that (1) both a, B- 
unsaturated double bond and benzene ring 





January, 1953] 


e é 
PhCH—CH—O—OH—»>Ph—CH—C H=C—OH 
{ H* ™ *£ 
O ‘7 
H 


° e 
—»PhCHCH,COOH —> PhCH,CH,COOH 
H+ 


: Dimerization 

{ 
PhCHCH,COOH 
PhOHCH,COOH 


Fig. 1.Reduction mechanism of cinnamic 
acid at Pb, Hg or Hg-Zn cathode. 


were hydrogenated and (2) no bimolecular 
compounds were obtained in the case of Pt-Pt 
cathode, it is likely that the reduction at a 
Pt-Pt cathode consists mainly in the catalytic 
mechanism similar to the catalytic hydrogen- 
ation. 
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Summary 


The electrolytic reduction of cinnamic acid 
at a Pb, a Hg, a Hg-Zn or a Pt-Pt cathode 
in acid solution was studied. 

It was found that the formation of bimole- 
cular compounds depended on the nature of 
cathode materials and the condition of the 
reduction. It was confirmed that the y-phenyl- 
propyl alcohol could not be produced by the 
electrolytic reduction of cinnamic acid. It was 
found that the reduction of cinnamic acid at 
a Pt-Pt cathode gave cyclohexyl propionic 
acid. 

The effect of high pressure of hydrogen in 
the course of reduction was discussed. 


The authors express their sincere thanks to 
Dr. C. L. Wilson for his kind advice and 
encouragement. 


Department of Chemistry, Faculty of Engineering, 
Naniwa University, Osaka 
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Introduction 


Although an extensive literature is available 
about the nature of absorption bands of me- 
tallic complexes and as to the relations among 
the wave-lengths of their absorption maxima, 
investigations on the effects of substitution of 
ligands on the intensity of absorption have 
seldom been carried out.©@ One of the 
present authors has reported that the magnitude 
of extinction coefficients of a “specific absor- 
ption band” is approximately proportional to 
the number of the ligands concerned in the 
complex.) Mathieu has found that extinc- 
tion coefficients for an absorption band of a 
cobaltic complex increase as molecules of 
ammonia are substituted by heavier ligands 


(1) R. Tsuchida and M. Kobayashi, J. Chem. Soc. Japan, 
59, 591 (1938). 

(2) R. Tsuchida and H. Kuroya, ibid., 59, 1142 (1938). 

(3) R. Tsuchida and M. Kobayashi, This Bulletin, 13, 
476 (1938). 

(4) J.P. Mathieu, Bull. Soc. Chim. France, 3, 463 (1936). 


such as ethylenediamine and propylenediamine, 
the effect being attributed mainly to the change 
of mass. Sueda® attempted to express inten- 
sities of absorption bands of several complexes 
by the addition of component absorptions, each 
of which was assigned over the regions of an 
absorption band for a pair of respective ligands 
in trans-positions. 

The present paper deals with the effect of 
substitution of ligands on the maximal extinc- 
tion coefficients of coordination compounds. 


Hyperchromic Series of Ligands 


If one ligand in a complex is substituted 
for by another, the absorption bands of the 
complex are subjected to a hypsochromic or 
bathochromic effect respectively according as 
the immigrant ligand precedes or stands 
behind the emigrant in the spectrochemical 


(5) H. Sueda, J. Chem. Soc. Japan, 87, 406, 542 (1936); 
ibid., 59, 47 (1938). 
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series. At the same time the bands suffer 
a hyperchromic or hypochromic change ac- 
cording to the nature of the ligands concerned. 
Thus NO, is more hyperchromic than NH; 
aid the latter in its turn is hyperchromic to 
H,0, as is shown in Table 1. 


Table 1 
Comparison of Hyperchromic Effects of 
Ligands for the First Absorption Band 
NO, and NH, 


Vv 


10" /sec, 18 © 
(Co(NH,),¢]Cl, 63.6 .66 
(Co(NH,);NO,)}Cle 65.5 05 
[Co(NHs)4(NOo) 953, J01 65.5 99 
[Co(NH,),(NO4)3] 68. 2.21 
[Co(NH,)9(NO.),INH, 69. 2.56 
NH, and H,0 
([Co(NH,)¢]C], 63.6 66 
(Co(NH,);H,01C}, 61.6 .62 
(Co(NH,)4(H20)2)Cl, 60.0 40 


Compound 


The extinction coefficients of nitroammine 
complexes increase with the number of NO.- 
ions in coordination. 

Further examples of substitution are shown 
in Table 2, in which oxalate ion (ox) is the 
most hyperchromic and NH; the most hypo- 
chromic, ethylenediamine (en) being interme- 
diate. 


Table 2 


Comparison of Hyperchromic Effects of Ligands 
for the First and the Second Absorption Bands 


en and NH, 
Ist Band 2nd Band 
on eT a ee 
10"*/sec. 

(Co(NH,)¢]Cl. 63.6 1.66 88.8 1. (7) 
[Co(NH,)geng|Cl, 64.8 y 89.2 1. (9) 
[Co en,]Br, 65.2 1. r i (9) 

ox and en 
(Co en,]Br, 65.2 1. 89.2 ‘ at) 
(Co en,ox]Br 60.0 1. 84.2 2. (9) 
[Co ox,]K, 49.6 2.09 71.0 2.19 (9) 


From the above considerations, it is expected 
that there should be a series concerning the 
hyperchromic effects of ligands. On the basis 
of experimental data with pentammine cobaltic 
complexes (Table 3) was obtained the following 
series as the descending order of the hyper- 


(6) R. Tsuchida, J. Chem. Soc. Japan, 59, 586, 731, 819 
(1938). 
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chromic effect of ligands on the first absorption 
band™®: 
NCS~— CrO,~ SO,= NO.- CO,* C,0,* en 
OH —NO, —SO,* Br~ NH;ClI- H.O 


Table 3 


Hyperchromic Series with Pentammine 
Complexes for the First 
Absorption Band 
v log e 
10'*/sec. 
NCS [Co(N¥,);NCS]Cl, 60.2 2.16 (6), (7) 
CrO,- [(Co(NH,);CrO,JNO, 55.6 2.16 (), (7) 
SO,-. [Co(NH,);SO,]Cl 63.6 2.15 (8) 
NO,- [Co(NH,);NO,]Cle 65.8 1.95 (6), (7) 
CO,- [Co(NH,);CO,JNO, 59.0 1.90 (6), (7) 
Ox [Co(NH,);0x]Br 59.2 1.87 (6), (7) 
OH~  [Co(NH;);OH](NO,), 59.8 1.82 (6), (7) 
NO, [Co(NH,);NO,](NO,)260.0 1.74 (6), (7) 
S8O,-  — (Co(NH,);SO,]I 60.0 1.70 (6), (7) 
Br- (Co(NH,);Br]Bre 55.4 1.68 (6), (7) 
NH,  [Co(NH,);NH;JCl, 63.6 1.66 (6), (7) 
Cl- [Co(NH,);C1JCl, 57.5 1.64 (6), (7) 
H,0 [Co(NH,);H2OJCl, 61.6 1.62 (6), (7) 


Ligand Compound Ref. 


It is seen that the above series hold also for 
the tetrammine series (Table 4), and for com- 
plexes containing only one kind of ligand 
(Table 5). 


Table 4 


Hyperchromic Series with Cobaltic 
Tetrammine Complexes 


Ist Band 2nd Band 


Ligand Compound y log e vy log © Ref. 
10"/sec. 10'*/sec. 


NO,~ [Co(NH,)4(NOg)g]C1 
trans, 7.9 2.3% (7) 
cis. 35.5 1.98 (7) 
CO,~ [Co(NH,),CO,]Cl 82.6 2,03 (7) 
C,0,> [Co(NH,),0xJCl 84,0 1.88 (7) 
NH, [(Co(NH,),(NH,)2/Cl, 63.6 1.66 88.8 1.57 (7) 
H,O [Co(NH,),(H20)ICl, 60.0 1.40 84,0 1.48 (7) 


Table 5 


Hyperchromic Series with Cobaltic 
Hexa-coordinated Complexes 


lst Band 2nd Band 


Ligand Compound vy loge v loge Ref. 
10"*/sec. 10" /sec, 


ox* {Co ox,]K,; 49.6 2.09 71.02.19 (7) 
en {Co en, ]Br, 65.2 1.88 89.2 1.81 (10) 
NH, ([Co(NH,),JCl, 63.61.66 88.8 1.57 (7) 


(7) RB. Tsuchida, This Bulletin, 13, 388, 436 (1938) ,,etc. 
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The above series, which has been deduced 
for simpler cases, would be considered to hold 
for more general cases unless mutual relations 
among ligands are highly complicated. The 
series holds also for chromic complexes, so far 
without the slightest alteration, though exper- 
imental data are less numerous (Table 6 and 
7) in comparison with cobaltic complexes. 


Table 6 


Comparison of Hyperchromic Effects of 
Ligands for Chromic Complexes 


NCS and NH, 
ist Band 2nd Band 


Compound » loge y loge 
10"*/sec. 10"*/sec. 


[Cr(NH,),ICl, 65.0 1.48 86.0 1.44 
(Cr(NH,);NCS](NCS)zg 61.61.82 (83) 1. 
[Cr(NH,).(NCS),JINH, -5.1.95 (75) 1. 
(Cr(NCS),]K, 53.1 2.08 70.8 2.0 
ox and H,0 
(Cr(H20),]Cl, 2.5 1.02 
[Cr(H,0),0x2)K cis, -1 1.80 
(Cr(H2O)g0xg)K trans, 53.1 1.71 
[Cr ox,]K, 52.6 1.87 


iv) 


61. 
-3 1.8% 


Soars 47 
_ & bo 
he 
~ 


Table 
Hyperchromic Series with Chromic Complexes 
Ist Band 2nd Band 


: —— -——. =_—_— _ 
Ligand Compound vy loge vy loge 
10"*/sec. 10"*/sec. 


NCS- [Cr(NCS),JK, 53.1 2.08 70.8 2.00 
ox [Cr ox,;JK, 52.6 1.87 71.4 1.§ 

en (Cr en,]Cl, 65.9 1.84 85.7 1.72 
NH, [Cr(NH,),JCl, 65.01.48 86.0 1.44 
H,O [Cr(H20),]Cl, 52.2 1.02 73.6 1.20 


Relation between ymax and &max 


It is of interest to compare the hyperchromic 
and the spectrochemical series. 
The hyperchromic series: 
NCS- CrO,* SO," NO.- CO;* C,0, “ en 
OH~ NO,~ SO,* Br~ NH;Cl-.H,O 


The spectrochemical series (2) ; 


CN~ NO.- 89;" en NH;ONO- H,0 NCS™ 
SO,- NO,” OH™~ C,0,~ CO;~ CI~ CrO,~ Br~ 


(8) A. v. Kiss and D. v. Czegledy, Z. Anorg. Chem., 235, 
407 (1938). 

(% R. Tsuchida and H. Kuroya, This Bulletin, 15, 427 
(1940). 

(10) K. Sone, J. Chem. Soc. Japan, 71, 270 (1950). 

(11) A. Mead, Trans. Faraday Sor., 30, 1052 (1934). 

(12) Y. Shimura, This Bulletin, 25, 49 (1952). 
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It appears to be difficult at first sight to 
find any relation between the series, for ligands 
preceding in one of the series do not always 
iake precedence in the other. For examples, 
NCS~ at the head of the hyperchromic series 
stands in the middle part of the spectro- 
chemical series and CrO,", one of the most 
hyperchromic ligands, is nearly at the tail end 
of the } «x series, while NO,- is situated 
among the highest positions in both the series. 

One ‘of thu principal factors which determine 
the nature of absorption of a complex is the 
kind of atom coordinated directly to the central 
ion. From this viewpoint the ligands are 
classified into the following groups: viz. (A) 
those coordinated with an atom of inert-gas 
structure, such as Cl-, NH;, OH, and their 
derivatives including oxygen-acid anions, (B) 
those coordinated with an atom of incomplete- 
shell structure, such as NO.~, and (C) those 
coordinated with an atom having one or more 
7-electrons, such as NCS~, CN, N,~, NC;H,, 
NO, CO, etc. Among the similar ligands of 
the group A, there exists a regularity with 
respect to the hyperchromic and the hypsoch- 
romic property. For example, in Fig. 1 are 
plotted Emax’s against »max’s of the first bands 
of pentammine-cobaltic complexes containing 
various oxygen-acid anions. It is seen in the 
figure that an approximately linear relation 
holds between ymax and &max. 


v, 10" /sec, 
Fig. 1.—v versus e for the first band of 
pentammine cobaltic complexes containing 


various oxygen-acid anions, 
(Co(NH,)sX]}°-™*. 


A similar relation exists between »msx and 
Emax Of the first band of halogenopentammine 


a . 


ee 





Compound 


K,{Fe(CN)¢] 
K,Cr(CN)¢] 
K,{Co(CN),] 


Shoichiro YamMapa and Ryutaro TsucuIpa 


Table 


Ist Band 
a 
v log e 
10'*/sec. 
72.5 
78.9 


(72.0) (— 


2.97 
1.81 
0.28) 


55 6A 
v, 10'*/sec, 
Fig. 2.—v versus ¢ for the first band of 
halogeno-pentammine cobaltic complexes, 
[Co(NH,)sXF*. 


eobaltic complexes, as is shown in Fig. 2, 
For similar ligands of the group A, therefore, 
the order in the hyperchromic series is com- 
pletely reverse to that in the spectrochemical 
series, showing that the stronger the coordinate 


1. [Co(NH,),* 
2.[Co en,)°* 
3. [Co entNH, 
4.[Co(NH,);NO,]** 

5. £Co(NH,)4(NO,)o())* 

6. [Co(NH3)4(NO,),(121* 

7. [Co en,(NO,»{} 4 & 
8. (Co eng(NOz){6)] 

9. (Co(NH),(NO,), J 
ee 


60 65 70 Ts 
v, 10'*/sec. 
Fig. 3.—yv versus log e for the first band of 
nitroammine cobaltic complexes, 


(18) Experimental data are taken from the work by 
M. Linhard and M. Weigel, Z. Anorg. Chem., 266, 4 (1951). 
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8 
8rd Band 


— 
log e 


2nd Band 
—_ 
v log e v 

10" /sec. 10'*/sec. 


100.0 115.5 
96.6 114.7 
97.2 117.0 


8.29 
1.66 
2.87 


3.24 
3.87 
2.08 


linkage the less the chances of transitions of 
d-electrons. 

In Fig. 3 are plotted log Emax’s against the 
corresponding ymax’s of the first bands of 
complexes containing NO,~ of the group B. 

It is found that there exists a quite different 
relation from that for the ligands of group A. 
Namely, NO,” stands almost at the head of 
both the hyperchromic and the hypsochromic 
series, making a remarkable contrast to the 
ligands of group A, among which the more 
hyperchromic are the more bathochromic. 

This difference between the groups A and 
B suggests that the modes of coordination of 
the ligands are quite different from each other. 
The incomplete shel] of the nitrogen atom in 
NO,~ favours the transitions of d-electrons, 
which reinforce the coordinate linkage, resulting 
in the strong absorption and the stable co- 
ordination. 

The absorption of complexes containing 
ligands of the group C seems rather complicated. 
The high extinction coefficients of rhodanato- 
complexes may be explained as due to the 
interaction of the z-electron of the ligand 
with d-electrons of the central cation, which 
facilitates transitions of the latter electrons. 
To this category belongs CN-, which is usually 
hypsochromic and hyperchromic. For exam- 
ples, the first bands of K;[{Fe(CN)s] and 
K;[Cr(CN),] are fairly strong as is shown in 
Table 8.0 

But CN- is sometimes hypsochromic and 
hypochromic, e.g., the first band of K;[Co(CN)g] 
is extremely weak.(# This fact may be un- 
derstood as due to a sort of anti-parallel 
bonding between the d- and 7-electron, which 
suppresses transitions of the d-electron. As 
an evidence for such a bonding, may be cited 
the planar configuration of [Au(dipyridy]) 
(CN),]~ and [Au(phenarthrolin)(CN).]~, in spite 
of the pseudo-inert-gas structure of the central 
ion. 

The position of CN- in the hyperchromic 
series, therefore, varies according to the nature 
of the central ion in such a way that it is 
hypochromic or hyperchromic according as 
the central ion has the same number of 


(14) H. Kuroys and R. Tsuchida, J. Chem. Soc. Japan, 
61, 597 (1940). 
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d-electrons as the number of the ligands or 
not. 


The Hyperchromic Effects of Ligands 
in Geometrical Isomers 


It has been recognized by investigations on 
chemical behaviour and absorption spectra of 
complexes that there is greater interaction 
between negative ligands coordinated in trans- 
positions to each other than between those in 
cis-positions. Thus Shibata® has explained 
the third absorption bands of nitroammine 
cobaltic complexes by his trans-dinitro-hypo- 
thesis. And extending the Shibata hypothesis, 
one of the present authors@® explained the 
third bands of many other complexes as due 
to a pair or pairs of negative ligands in 
trans-positions to each other. Basolo@” report- 
ed that complexes with a pair of negative 
ligands in cis-positions also showed the third 
bands, which, however, were always located 
in regions of shorter wave-lengths than those 
of the trans-isomers. Recently, Shimura) 
has found on investigating wave-lengths of 
absorption maxima of the first bands of 
geometrical isomers that a pair of ligands in 
trans-positions has a greater effect on the 
first band than a pair in cis- positions, whether 
it is bathochromic or hypsochromic. The 
trans-effect has been recognized also on reac- 
tions of complex compounds. Thus Chern- 
yaev 8) reported that ligands trans to negative 
groups are more mobile than those opposite 
to neutral groups, and the idea of the trans- 
effect has been extended in explanation of 


Table 9 
Comparison between cis- and trans-Isomers 
Ist Band 


Compound vy loge Ref. 
10'*/sec. 


59.0 
59.3 
trans- 66.6 


2.42 
2.40 
2.382 (12) 
cis- 65.9 2.26 (12) 
trans- 67.9 2.32 = (7) 
ci8- 65.5 1.99 (7) 
2.20 (10) 
2.10 (10) 
1.54 (20) 
56.6 1.88 (20) 
60.4 1.65 (20) 
60.6 1.85 (20) 


(21) 
(21) 


trans- 


[Co eng(NCS)q]Cl 


cis 


[Co(NI [,),(SO,)g]Na 


[Co(NH,) 4(NOg)2)C1 


trans- 69.9 
69.0 
48.0 


[Co eng(NO.)gJNO, 
cise 
[Co engClgjCl trans- 
cise 
trans- 
cis 


[Co eng(H,0)21Brs 


(15) Y. Shibata, J. Chem. Soc. Japan, 36, 1243 (1915). 

(16) R. Tsuchida, This Bulletin, 13, 436 (1938). 

(17) F. Basolo, J. Am. Chem. Soc., 70, 2643 (1948); 72, 
4393 (1950). 

(18) I. I. Chernyaev, Ann. Inst. Platine, 4, 243 (1926). 
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reactions of coordination compounds. All 
these results imply that there should be a 
larger pairing interaction between ligands, 
especially anions, in trans-positions than be- 
tween those in vis-positions. Experimental 
results with tetrammine cobaltic complexes 
are shown in Table 9. 

From the experimental data the following 
rule may be induced: of geometrical isomers 
of a hexa-coordinated complex containing 
ligands of two kinds, in which a pair of ligands 
of one kind has larger hyperchromic and 
trans-pairing effects than the remaining four 
of the other kind, the trans-isomer has larger 
Emax than the cis-isomer. 

Thus, since NO, stands much higher in the 
hyperchromic series than en or NH;, the trans- 
isomers of dinitro-complexes have larger extinc- 
tion coefficients than the corresponding cis- 
isomers. The same is true for dirhodanato- and 
disulphono-complexes, which contain respec- 
tively NCS~ and SO,;“, the most hyperchromic 
ligands. On the contrary, in regard to 
geometrical isomers of tetrammine-cobaltic 
complexes which coordinate H,O or Cl-, the 
least hyperchromic ligands, the frans-isomers 
have smaller extinction coefficients than the 
corresponding cis-isomers. 


Summary 


The relation between the kind of ligands 
and extinction coefficients of the first absorption 
bands of cobaltic complexes has been discussed. 
The order of ligands as to the magnitude of 
the effect which they exert on extinction 
coefficients of the first bands has been determined 
empirically, thus 


NCS- CrO,* SO,~ NO,~ CO," C,0," en 
OH- NO,~ SO,- Br> NH;CI- H,0. 


For pentammine cobaltic complexes with the 
sixth ligands, each of which is coordinated 
with an oxygen atom, a linear relation has 
been found to hold between ymax’s and &max’s 
of the first bands. For complexes of the type 
[CoA,X.], the trans-isomer has larger &max. if 
X has more hyperchromic and trans-pairing 
effects than A. This investigation was supported 
by a grant from the Ministry of Education. 


Department of Chemistry, Faculty of Science, 
Osaka University, Osaka 


(19) H. D. K. Drew, et al, J. Chem. Soc., 1004 (1932); D. 
I. Ribchikov, Compt. rend. U. R. S. S., 28, 231 (1940); J. 
C. Bailar and D. F. Peppard, J. Am. Chem. Soc., 70, 2634 
(1948), etc. 

(20) F. Basolo, J. Am. Chem. Soc., 72, 4393 (1950); data 
in methanolwater solvent. 

(21) Y. Shimura, J. Am. Chem. Noc., 73, 5079 (1951). 
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Mechanical Properties of Concentrated Hydrogels of Agar-agar. 
II. Creep under Constant Load in Compression 
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introduction 


Although there exists some information on 
the elastic properties of hydrogels of agar-agar, 
papers dealing with their viscoelastic behavior 
are still very meager in the literature in 
colloid chemistry or in rheology. Considering 
that agar-agar is a prototype of gel-forming 
natural substances but also a kind of poly- 
electrolytes, however, the investigation of the 
viscoelastic behavior of its gels seems to be an 
interesting problem. As is well known, creep 
under constant load is one of the most com- 
monly observed and measured of the pheno- 
mena pertaining to viscoelastic behavior of 
materials. For these reasons, an investigation 
of the creep under compressive load was carried 
out for concentrated agar-agar gels in various 
environmental conditions and is reported in 
this paper. 


Experimental 


All agar-agar samples used in this work were 
taken from the same stock of a grade of powdered 
agar-agar as that which was prepared in a pre- 
vious investigation of this series. The process 
of making the test piece which was shaped 
cylindrically and whose dimensions were about 
3cm, both in height and in diameter was identical 
with that employed in I. All tests were com- 
menced after the 90 min. chilling of the sol; this 
value is also the same as that adopted in I. The 
apparatus which was constructed in I for the 
measurement of the compression stress-strain 
curves was usable as an autographic machine for 
measuring creep under constant compressive load 
by making a slight modification as follows. This 
modification was simply attained by fixing the 
movable end of the chains (see Figure 1 in I) at 
a desired heigiit. Then a constant compressive 
load could be applied on a given test piece over 
any desired operating interval of time, and thus 
our apparatus proved to be usable as an auto- 
graphic creepmeter.@) The apparatus was equip- 
ped in an air thermostat which was regulated to 


(1) H. Fujita, K. Ninomsy6 | and T. Homma, This Bul- 
letin, 25, 374 (1952). 

(2) Details of the present apparatus will be described 
in a separate paper by K. Ninomiya. 


about +0.25°C. Humidity in the thermostat was: 
maintained at an almost saturated state, and in 
addition, liquid paraffin was amply applied on 
the whole surface of the specimen. In this way, 
evaporation of the solyent from the gel was 
almost completely checked during the course of 
a creep test. The interval of time of measurement 
in each creep run was exclusively limited to 
100 min. 

There are probably a considerable number of 
factors which may have influence upon creep 
behavior in a gel-system. But, in this work, 
only the effects of temperature, concentration and 


load were considered. In order to study the- 


effects of these factors, experimental measurements 
were carried out according to the following plan. 
First, the effect of applied load was studied at 


a temperature 23°C, and a concentration 4 g./100: 


ce. by varying stress from 0 to 5x10* dyn./cem2., 


where the stress was defined as applied load per 


unit original unstrained cross section of each test 
piece. Because the stress thus defined was not 
kept constant but continuously decreased with 


increasing deformation resulting from creep, our 


creep tests were not true creep tests. However, 


considering that the resultant maximum strains. 


within the interval of time of measurement 
herein adopted were as small as less than, at 
most, 10 percent, it might be assumed that, to a 
first approximation, our creep tests were enough 
to elucidate the true creep behavior of the 
material in question. 

The effect of temperature was studied at a 
concentration 4g./100 cc, in the temperature range 
from 5° to 40°C., at each temperature the stress 
being varied from 0 to 4x10* dyn./cm?. 

The effect of concentration was studied at a 
temperature 23°C, in the- concentration range 
from 2g. to 4g./100cc., at each concentration 
the stress being varied in the same range as in 
the above. 


Resalts and Discussion 


General Remarks.—The general trend of 
the creep curves obtained is illustrated in 
Figure 1, where the experimental conditions 
are indicated in the legend. This shape of 
creep curve is one of the most commonly 
observed in many materials.@) It was found. 


(3). W. J. Lyons, J. Appl. Phys. 4&7, 472 (1946); in par- 
ticular, pp. 472-474. 
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Temp. : 22°C. 
Conc.-4% 
Stress :5%104 dynes/o m2 


— Strain (7) 


0 0 20 DH 0 BD 60 7 8 9 100 
-> Time (f, min.) 
Fig. 1.—A fitting of Eq. (1) to an experimental] 
creep curve; @ represents a ca'culated 
value, and -— the observed curve. 


that this shape of curve was well fitted by a 
well-known creep equation of the form: 


Ht)=10)-+A(L—e-"*) +04, (1) 


where Y(t) is the strain at time ¢,y(0) is the 
initial strain, >% is the constant creep rate in 
the viscous flow region, A is the final, maximum 
strain due to retarded elasticity of the material 
(retarded elastic strain was defined as transient 
creep minws viscous flow), and 7 is the re- 
tardation time. Dependencies of Y(0) on 
various environmental factors such as tem- 
perature, concentration, stress, and gelation 
time were studied in a previous paper I. 
Consequently, our present investigation con- 
Ds creep behavior of concentrated agar- 
agar gels was reduced to determining para- 
meters A, A and +r as functions of such 
environmental factors as mentioned above. 

An example showing the conformity of Eq. 
(1) with an observed curve is given also in 
Figure 1, where the circles indicate the cal- 
culated values from Eq. (1). Such a degree 
of agreement between Eq. (1) and the Observed 
curve as seen here was found to hold for all 
data obtained in the present work. 

As is seen in Figure 1, or will be seen in 
Figure 2, relative length of the transient creep 
region is generally so much shorter than that 
of the viscous fiow region that it may be 
considered that the general trend of the creep 
behavior in concentrated agar-agar gels herein 
concerned is primarily determined by the 
behavior of the constant rate term Xé in Eq. 
(1). For this reason, in what follows, we shall 
be interested mainly in examining the effects 
of environmental factors on the value of X. 


Effect of Stress.—Figure 2 shows how 
creep curves for a concentrated agar-agar gel 
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-» Strain 


1 20 30 40 5 & MM 8 WH 10 
->» Time (min,) 
Fig. 2.—Effect of stress upon the shape of 
creep curve. 


differ for different stress magnitudes. We can 
see from this figure a number of interesting 
things. Of special interest is a clear evidence 
showing that even at zero stress state there 
occurred definitely a creep procezs which was 
closely linear over the range of observation 
time indicated. Such an apparent creep at zero 
stress state was always observed in this work 
irrespective of temperature and concentration. 
This fact seems to indicate that all test spec- 
imens employed were not at true thermodynam- 
ic equilibria within the interval of the present 
observations, though thermal equilibrium had 
previously been established before the beginning 
of the observations. In connection with this 
phenomenon, we must describe a characteristic 
fact observed simultaneously during the course 
of this apparent creep. This was a continuous, 
though small in amount, expulsion of the 
solvent from the test piece. It took place at 
a very slow rate as the specimen was deformed. 
It was observed clearly even in the absence of 
any external force. The solvent expulsion in 
the case of non-external force necessarily 
resulted in spontaneous and isotropic contrac- 
tion of the specimen gel; this is nothing but 
the phenomenon usually called syneresis. The 
spontaneous contraction of a gel block should 
look to an observer as if creep (compressive) 
is occurring in it. Thus, the apparent creep 
Observed in the present work «at zero stress 
state is interpreted as arising from the volume 
contraction due to syneresis. Ferry has 
stated that the progressive closer binding, Or 
coming-together, of the network strands in a 
gel results in syneresis of the gel. It is, 
however, beyond the present authors’ scope to 
discuss in what way this Ferry’s idea can be 
formulated as a quantitative theory for de- 
scribing the contractility of gel-systems. 


(4) J.D. Ferry, “Advances in Protein Chemistry,” Iy, 
Academic Press Inc., Publishers, New York, 1948, pp. 1-78; 
in particular, Chapt. ITI. 





Hiroshi Fusrra, Kazuhiko Nixomiya and Terutak Homma 


Now, we shall proceed to examine the effect 
of stress quantitatively. From Figure 2 and 
other similar data obtained, X is plotted against 
stress S as shown in Figure 3, from which the 
plotted curves are seen to be well fitted by an 
equation of the form: 


Vone.:4% 


— A (1/min.) x1 


l 2 3 4 

— S (dyn./cm.?) 

Fig. 3.—Effect of temperature upon the viscous 
flow behavior. 


5 x10* 


where XA» is the creep rate observed at zero 
stress condition, that is, the rate of the 
apparent creep discussed above, and 7 is a 
parameter having the dimension of viscosity. 
The linearity between > and S as seen here 
implies that the viscous flow of the material 
exhibits a so-called Newtonian behavior™) so 
far as the environmental conditions indicated 
are concerned. 


Effect of Temperature.—Figure 3 also 
shows how the A, value and the viscosity 7 
are affected by temperature 0. We see that 
(1) the value of A» is changed with temperature 


just as it reaches a maximum near about 
20°C.; and (2) the value of 7 is decreased 
with increasing temperature, as should be 
expected. To make it clear, the logarithm of 
» is plotted against the reciprocal of the 
absolute temperature 7T(=273+6) as shown in 
Figure 4. It is seen that the temperature 
dependency of the viscosity does not follow 
the well-known Andrade equation with a 
constant activation energy. However, by re- 
placing the experimental curve by a straight 
line as indicated in the figure, the correspond - 
ing apparent activation energy U is estimated 
approximately at 


U=12 keal./mol. 


(5) H. Leadermen, J. Collotd Sct., 4, 193 (1919). 
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4% 


Cone 


> 7 (poise) 


344 337 330 324 318 10° 
<-1/T 
Fig. 4.—Temperature dependency of viscosity 7- 


368 258 bl 


This value of the energy of activation for 
viscous flow may suggest that the strength of 
flow units involved in concentrated agar-agar 
gels is of a secondary nature as should be 
expected from the current view of the mole- 
cular structure of polymer gels. The deviation 
of the experimental curve from the Andrade 
relation may partly be ascribed to the change 
in the effective number of cross-linkages in 
the gel network with change in temperature. 


Effect of Concentration.—The effect of 
concentration on 2X vs. S plot is shown in 
Figure 5, where all data presented were obtain- 
ed at a constant temperature 23°C. We see 


~» A(1/min,) x10 


2 3 
- S (dyn./cm.’) 


Fig. 5.—Effect of concentration 
viscous flow behavior. 


5 *10 


upon the 


that (1) the concentration effect on A» is not 
appreciable, though detailed information on it 
is not ensured due to the paucity and inac- 
curacy of the data; and (2) the concentration 
dependency of 7 is, on the contrary, rather 
remarkable, and, so far as the plotted data 
are concerned, it is represented approximately 
by 


H=EC’, 
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where C is the concentration of agar-agar in 
the gel and & is a proportionality constant. 


Remarks on the Behavior in the Tran- 
sient Creep Region. — Finally, short dis- 
cussions will be made for the behavior of the 
transient creep region. As is understood from 
Eq. (1), this behavior can be characterised by 
two parameters 7 and A. Figure‘; shows the 
effect of stress on the retardation time 7 at 
several temperatures and a constant concentra- 
tion 4g./100cc. Because of the marked scat- 
tering of the experimental points it is difficult 







14 ° 
12 g ° 
oe © Bo 
= 8 ° ° © 19°C. 
+ ¢ Temp.:)O 23°. 
, ® 30°C 
4 Cone.:4% 
: ~- 
0 2 4 6 3 10 x104 


— S (dyn./cm.?) 
Fig. 6.—Effect of stress upon retardation 


time r. 
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6 
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1 es ss 
—C (%) 
Fig. 7.—Modulus of elasticity #” for the 
retarded mechanical element. 


to draw the definite conclusions on both the 
stress and temperature effect on the retardation 
time. We must restrict ourselves to pointing 
out that the value of +t appears to be little 
influenced by either stress or temperature. In 
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Figure 7, instead of A, the modulus of retarded 
elasticity E’ defined by S/A is plotted against 
concentration C. 


Summary 


In this report, we have presented the results 
of an experimental investigation carried out of 
the creep under constant compressive load for 
concentrated hydrogels of agar-agar. 

The apparatus which was designed in a 
previous paper I of this series for the measure- 
ment of the compression stress-strain curve 
was modified to suit the measurement of the 
creep under constant compressive load. The 
shape of the creep curves obtained was found 
to be well fitted by Eq. (1). The influences of 
temperature, concentration and applied stress 
on the creep rate in the viscous flow region 
were investigated separately. One of the 
interesting facts found was a clear evidence 
showing that even at zero stress condition there 
occurred a definite creep process which was 
closely followed by a straight line within the 
interval of time of observation employed. It 
seemed likely that this phenomenon should be 
associated primarily with the molecular struc- 
tural feature of the agar-agar gel network 
which leads the gel to syneresis. 

It was found for all the data obtained that 


‘the relation between > and S followed Eq. (2) 


within the limits of experimental error, where 
X is the creep rate in the viscous flow region 
and S is the magnitude of stress applied. This 
equation involves two parameters A, and 7, 
where A» stands for the value of A in the 
absence of external stress, and 7 is the New- 
tonian viscosity cotresponding to the region 
in which a linear Sor flow appears. The 
influences of various environmental parameters 
on these two quantities were investigated, 
obtaining the results as shown in Figures 3, 4 
and 5. 


We wish to express our gratitude to Mr. T. 
Nakagawa, the Department of Chemistry, 
Tokyo University and to Mr. N. Hirai, the 
Department of Chemistry, Okayama University 
for their kind advice and interest in this work. 
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Introduction 


In recent years, a number of papers have 
been published on the relaxation of stress in 
high polymers, reflecting its fundamental 
importance in rheological investigation of these 
substances. However, papers are still rather 
rare in the literature dealing with relaxation 
experiments on gel-systems. Some examples 
of the latter are the recent studies of Ferry 
and his co-workers on several important 
protein gels. For agar-agar gel with which 
we have been concerned in this series of 
rheological studies, no information of stress- 
relaxation appears to have yet been reported, 
so far as the authors are aware. For this 
reason, we have carried out an experimental 
study of the relaxation of stress in agar-agar 
gel held at constant compression, and the 
results obtained are reported in this paper. 

A cylindrical test piece was kept at constant 
compression between two parallel plates under 
relaxing stresses, and the process of decay of 
stress was followed autographically by means 
of a relaxometer which was constructed based on 
the principle of the chainomatic balance. 
Measurements were conducted at different 
temperatures from 9° to 70°C., and at dif- 
ferent fairly small strains. Because of the 
complexity of the phenomenon, experiments 
were restricted only to a single agar-agar 
concentration of 4g./100cc.. However, it is 
hoped that we may have an opportunity in a 
furthcoming paper of this series to present 
data on the concentration effect along with 
data on other subjects left untouched in the 
present work. 


Experimental 


The agar-agar samples and the procedure of 
preparing the specimen gels used in the present 
work were, in all respects, identical with those 
which have been used in Part 1@ of this series; 
the specimen gel was shaped in a cylindrical 








(1) M. Miller, J. D. Ferry, F. W. Schremp and J. E. 
Eldridge, J. Phys. and Colloid Chem., 55, 1387 (1951). 

(2) H. Fujita, K. Ninomiya and T. Homma, This 
Bulletin, 25, 374 (1952). 
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column whose height and diameter were both 
about 3cm. An autographic relaxometer was 
designed eniploying the principle of the chaino- 
matic balance used by Dart and Guth“ for the 
study of compression stress-relaxation in natural 
cork, A schematic diagram of the relaxometer 
is shown in Figure 1. To save space, the des- 
cription of the mechanism and the procedures for 




















L 





Fig. 1.—Schematic diagram of the relaxo- 
meter; 1: balance arm. 2: balancer. 3: 
point of contact. 4: test piece. 5: metal 
plates for compression. 6: screw gauge. 7: 
air oven. 8: chain. 9%: recording pen. 10: 
rotating drum. 11: driving clock. 12: 
driving motor. 13: relay. 


practical use of this apparatus is omitted here; 
it will be published in a separate paper by one 
of the present authors.“> The relaxometer was 
installel in an air oven made of wood and glass 
lined with thick layers of asbestos and cardboard 
cartons. Temperature control was attained by 
means of a bimetallic thermoregulator which was 
accurate to about +0.25°C..° Humidity was 
maintained at an almost saturated state to prevent 
drying of the specimen gel as much a3 possible. 
In addition, with the same object, liquid paraffin 
was sufficiently applied on the surface of the 
specimen exposei to air. With these treatments, 
drying of the specin‘en was almost checked up 
to about 60°C., so that at temperatures below 
s0°C,, it might be regarded that actual tem- 
peratures of the specimen during the course of a 


(3) S. L. Dart, and E. Guth, J. Appl. Phys., 17, 314 
( 1946). 
(4) K, Ninomiya, J. Chem. Soc. Japan, in preparation. 
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relaxation test were substantially equal to the 
temperatures of air in the oven. However, at 
temperatures higher than about 60°C., it was 
concluded, as a consequence of evaporation of the 
solvent from the specimen, that the gel reached 
thermal equilibria at temperatures somewhat 
lower than those of its surrounding air; and 
difference of these two temperatures was found 
to become more and more marked with the 
increase of the air oven temperature. In view of 
this finding, a preliminary experiment was carried 
out to determine this temperature difference as a 
function of the given temperature of the air oven. 
V ith the result thus obtained, when the relaxation 
test was made at temperatures higher than 60°C., 
we estimated the actual gel temperature from the 
experimentally given temperature of the air oven. 

Compressions adopted in the present work were 
from 0.6 to 8.6% at lower temperatures, and 
from 0.6 to 3.6% at higher temperatures. 
Within these limits of compression, the resultant 
stresses were varied almost linearly with strains. 
In dealing with experimental data on viscoelasti- 
city in the light of the current theories for the 
mechanical behavior of high polymers, it is im- 
portant to bear in mind that those theories are 
applicable only for materials, the elastic behavior 
of which follows closely the so-called Hooke’s 
law. 


Results and Discussion 


Type of Stress-Relaxation Curves Ob- 
tained.—A typical example of relaxation data 
obtained is shown in Figure 2, which shows 


— S(dyn./em.?) x10-* 


100 1000 
—» ¢t(min.) 
Fig. 2.—-Experimental] stress relaxation curves. 


relaxation curves for different compressions at 
a constant temperature of 15°C. The fairly 
rapid decay of stress at this room temperature 
is a clear evidence of the lack of the primary 
network structure in agar-agar gels. This is 
in agreement with the current view for the 
structure of the majority of polymer gels that 
it consists of a three-dimensional network 
cross-linked with bonds of a secondary nature. 
The shape of the relaxation curves is apparently 
similar to that which would be observed in a 
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viscoelastic body obeying a single Maxwell 
equation. However, as will be seen later on, 
a single Maxwell equation is not sufficient to 
describe these plotted curves but at least two 
Maxwell equations are required. It is im- 
portant to note a characteristic behavior of 
our relaxation curves in the neighborhood of 
the zero stress base. In usual polymer solids 
which lack the primary network structure (e. 
g., polyisobutylene™), it is known that stress 
at constant deformation is relaxed to zero after 
an infinitely or sufficiently long run for all 
values of given deformation. Contrary to this, 
our relaxation curves for concentrated agar- 
agar gel are apparently lowered to zero after 
running certain finite intervals of time, which 
are apparently seen to be largely dependent 
on the given strain magnitudes. According 
to the data obtained at temperatures different 
from 15°C., the value of time interval at 
which stress is relaxed to zero is also a function 
of temperature. The reason why our relaxation 
curves for agar-agar gel are so markedly 
different in the manner of decaying to zero 
stress from those of other polymer solids has 
yet not been fully elucidated, but, as will be 
shown in @ later part of this paper, there isa 
fairly reliable reason to believe that this is 
essentially due to the effect of syneresis which 


is characteristic of the majority of gel-systems. 


In Figure ~, results of duplicate experiments 
are also indicated with dotted lines for two 
strains of 2.5 and 3.6%. Stress magnitude 
is seen not always to be reproducible in these 
duplicate experiments. However, allowing for 
the sample variance, which is usually encoun- 
tered in this kind of experiments dealing with 
natural substances, and for difficulty of precise 
determination of strain magnitude, the agree- 
ments of stress magnitude attained in these 
dupli. *e experiments must be regarded as 
rather satisfactory. 


Analysis of Data.—In Part Il of this 
series Of papers, we have known as a result of 
the measurements of compression creep that 
agar-agar gel has a general tendency as a 
consequence of syneresis to contract spontane- 
ously at a certain definite rate of deformation, 
which is dependent on the conditions of the 
particular experiment. Therefore, it is reason- 
able to suppose that when a cylindrical column 
of agar-agar gel is made to deform between 
two parallel plates under compressive load, the 
observed rate of decrease in the column height 
with time is the sum of the following two 


(5) R. D. Andrews, N. Hofman-Bang and A. V. Tobo- 
Isky, J. Polymer Sct., 3, 669 (1948). 

(6) H. Fujita, K. Ninomiya and T. Homma, This 
Bulletin, 26, 2 (195%). 
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rates of deformation, one of which is that due 
to molecular structural flows caused only by 
the action of the external load, and another 
of which is that due to the spontaneous 
contraction of the cylinder as a whole. 

To formulate this consideration, we shall 
assume that the relaxation mechanisms con- 
tained in an agar-agar gel whole solid can be 
represented by two Maxwell mechanical ele- 
ments connected in parallel. Since, in this 
mechanical model, the individual relaxation 
elements are equally subjected to compression 
resulting from the self-contraction, the rate of 
change in strain with time, dy/dt, for each 
element is written as: 


dy_1 4%. S, 
dt E, dt : nh 
dy _1 d%_ 8. 


—— +h (2) 


dt E. 2 dt Ne 


+S, (1) 


and for the total stress S, we have 
S=S,+4+58., (3) 


where f stands for the rate of deformation 
resulting from the self-contraction, and S;, E;, 
and 7; denote the partial stress, the elastic 
constant of the spring, and the viscosity of 
the dash-pot, of the ith element, respectively 
(i=1, 2). 

To solve the above set of equations for any 
given condition of stress or strain, it is neces- 
sary to know the mathematical expression for 
Jf corresponding to that condition. However, 
unfortunately, we have hardly had information 
available on this point. It has been revealed 
in Part IL that when the external stress is 
absent, and moreover, when the environmental 
conditions are kept constant, f takes a constant 
value for a long period of time. If, as has 
been stated by Ferry,™ syneresis in gel-systems 
is produced as a result of the progressively 
closer binding of the network strands, the rate 
oi change in volume with time thereby result- 
ing would be much less modified even if the 
material is subject to externai stress. If this 
view be true, it may be assumed as a first 
approximation that the value of / remains 
unchanged even under stressed condition so 
far as the stress magnitude is sufliciently small 
as was the gase with the present relaxation 
tests. This assumption is the same as saying 
that the f/ value is constant over a long interval 
of time at any stress condition. We shall 


(7) J.D. Ferry: « Advances in Protein Chemistry”, IV, 
Academic Press, Inc., Publishers, New York, 1948, Chapt. 
I, pp- 1-78, 
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here presume this assumption to be justifiable 
and denote the constant value to be assigned 
to / by C. 

Introducing the condition that f=C into 
Eqs. (1) and (2), and solving the resultant set 
of equations for S with the condition of re- 
laxation experiment at constant strain, we 
obtain the following solution: 


S=o( Eye 1+ E,e~'7,) 


—C{m(1—e~/*;) +(1—e"'*3)}, (4) 


where ‘, is the strain at which the specimen 
is held fixed, and 7; is the Maxwellian relaxa- 
tion time of the ith element as defined by 
the so-called Maxwell relation: 


i 
Ti= E” (5) 
Our main object in what follows is to determine 
the numerical values of parameter, E; and 7:, 
as functions of temperature by fitting Eq. (4) 
to experimental data. For this purpose the 
following procedure of fitting is employed: 
Firstly, from the relaxation data for different 
strains at constant temperature, we construct 
a system of plots between S and Yy with ¢ as 
parameter. According to Eq. (4), if the para- 
meter, E; and t;, are constants characteristics 
of the material concerned, the plots thus 
obtained should be linear and their inclinations 
to the Y) axis should give the values of the 
quantity @ defined by 


Q=E,e"*7,+- Ee "7, (6) 
It was found for all the relaxation data. 
Qmin. 
Temp. : 31°C 
Conc. : 4% 
20min. 
@ 
x 50min 
a 
iS) 
5 
= 
h 150min. 





0 1 2 3 4 5 6 


— ro (%) 
Fig. 3.—An example of the S vs. 79 plot. 
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obtained that this linearity between S and Yo 
was approximately realized; a typical illustra- 
tion of this is given in Figure 3, where to 
avoid confusion of the diagram only several 
representative lines are plotted. That the 
straight lines drawn visually to give the best 
fit to the experimental points do not pass 
through the origin of coordinates is apparently 
to be ascribed to the contribution from the 
term involving C. It is now possible to 
evaluate Q as a function of time ¢t. A typical 
graph of this function in the form of log@ 
plotted against the linear time ¢ is shown in 
Figure 4+. Seeing this graph, one can at once 


, Temp. : 31°C. 
18077 Cone.: 4% 





if] 109 200 
— ¢t (min) 
Fig. 4.—An example of the log Q vs. t plot. 


expect that the plotted curve may nicely be 
fitted by an expression of the form of Eq. (6).* 
This prediction was satisfactorily confirmed 
for all temperatures studied except for the two 
cases mentioned below, and thus we could 
determine the required values of E; and 7; (i= 
1,2) with sufficient accuracy. The two excep- 
tional cases were the temperatures as low as 
9° and 15°C., at which Eq. (6) proved 
somewhat insufficient to represent the plots 


* Assuming preferentially +;>72, Eq. (6) indicates 
that for large values of time the logarithm of Q@, when 
plotted against ¢, provides a straight line whose inclina- 
tion is +; and whose interception on the In Q -axis is In 
£,. A good illustration of this relation is given in 
Figure 4. If this relation proves to hold, Eq. (6) further 


predicts that the logarithm of Q-E,e~/™ should also 
become linear with ¢ and that the straight line obtained 
allows to evaluate the values of 7g and EZ, respectively 
from its inclination and its intercepti on the ordinate 
axis. A fairly good establishment of the latter straight 


line is aiso illustrated in the lower portion of Figure 4 
(the shalowed triangle 
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precisely at small values of ¢. Thus, in these 
cases, it had to be modified as: 


Q= Eye—"/*, + Eye 7, 4+ Ege" 75 


Accurate determination of the numerical values 
of the newly introduced parameters, EH; and 
Ts, was, however, rather prohibitive, so we had 
to be content with obtaining their rough 
values. 

In this way, the results tabulated in Table 
1 have been determined, in which the figures 
enclosed by brackets are somewhat doubtful. 
E represents the sum of £;’s, so that it is 
nothing but the overa]] modulus of elasticity 
in compression of the agar-agar gel investi- 
gated. In passing, it is of interest to note 
that the above method of analysis has an 
advantage in that, on its application, no 
allowance needs to be made for actual value 
of C. 


Table 1 


Tem- Elastic constants Relaxation 
perature (dyn./cm.) x 10-5 times (min.) 
(°C ) - “eae ~ pies “pane ~ yee sz, 

= E,; Ey E, E= SE; v1 Ta 
9.0 (7.5) (4.1 (1.4 (18.0) (700) (382) 
15.0 8.0 4.7 Li 13.8 625 43 
21.0 8.9 3.9 (1.0) (8.8) 380 32 


26.0 8.8 3.9 — 12.7 314 30 
$1.0 7.9 4.3 -- 12.2 246 19 
37.0 7.6 2.4 (.5) (10.5) (191 15 
49.0 6.8 3.1 — 9.9 90 9 
56.0 4.0 2.2 -- 6.2 52 6 
64.0 2.4 0.5 — 2.9 30 3 
70.0 2.0 -- —- 2.0 16 — 


We shall next consider the temperature 
dependencies of the relaxation times, 7, and 
72, in the light of the Arrhenius equation of 
the form: 


7tT=Aexp(U/RT), 


where 7 is the relaxation time, A is the so- 
called “frequency factor,” U is the activation 
energy for stress-relaxation, and R and T are 
the gas constant and absolute temperature, 
respectively. For this purpose, we plot the 
logarithms of 7, and rt, against 1/7, the 
resultant plots being shown in Figure 5. It is 
seen that both relaxation times, though they 
differ markedly in numerical values, vary with 
temperature following an almost similar 
process. Up to about 40°C., the plots are 
regarded as linear and approximately parallel 
each other, indicating that in this temperature 
region, the activation energies U, and U; 
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Fig. 5. 


‘corresponding to these two elements are con- 
stant and take nearly equal values, the average 
of which is estimated at 9kcal./mole. This 
value of the energy of activation for relaxation 
is in good harmony with the view that polymer 
gels usually consist of a three-dimensional 
network structure whose strands are cross-linked 
at points of contact of a secondary strength. 
Above 40°C., the plotted lines have curvatures, 
being deviated more and more from linearity 
and appearing to fall rapidly in the neigh- 
borhood of 90°C. This result is that which 
should be expected a priori, because agar-agar 
gels usually have their melting points in the 
vicinity of 90°C. It would be reasonable to 
suppose that the increasing deviations of the 
plotted curves from linearity are chiefly asso- 
ciated with the decrease in the frequency factor 
(or probably, the increase in entropy for re- 
laxation) accompanying the increase in tem- 
perature. 

We are not yet in a position to have mole- 
cular theoretical interpretation of mechanical 
model constants obtained above for agar-agar 
gel. However, it may be of some interest to 
infer, referring to Ferry’s view, that 71, the 
longer relaxation time, corresponds to slippage 
at points of contact of the network strands, 
cand T., the shorter relaxation time, to rotation 


@) J. D. Ferry, W. M. Sawyer and J. N. Ashworth, 
J. Polymer Sci., 2, 593 (1947); especially, p. 611. 
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of the individual strands over the potential 
barrier into the next position of minimum 
energy: 

Solving Eqs. (1), (2) and (3) under the 
conditions that S=constant=S, and f=C, we 
obtain the creep equation in the form: 


where B is an indeterminable constant. This 
equation is exactly the same in form as the 
empirical creep equation presented in Part II 
of this series of papers, in which the term 
m+. in the above equation has been repre- 
sented by a symbol 7» In that study, the 
values of 7 were evaluated at different tem- 
peratures by fitting that empirical creep 
equation to data of compression creep tests 
therein conducted. On the other hand, in- 
dividual values of 7; can readily be calculated 
from the results listed in Table 1 by use of 
the Maxwell relation (5). Thus, it is now 
possible to examine if the values of 7 from 
the creep measurement can be reproduced as 
the sum of the individual viscosity values 1; 
from the present relaxation test. In Fig. 6, 
the result of this examination is indicated in 
the form of logy plotted against 1/7, from 
which we see that all plotted points approxi- 
mately fall on a single curve. This agreement 
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between the viscosity vaiues from different 
sources of data suggests that our mechanical 
model set forth above is sound as a consistent 
basis for describing the static viscoelastic 
behavior of concentrated axyar-agar gels. 

In the foregoing lines we have remarked 
that relaxation curves of avar-agar gel in 
compression fall across zero stress after running 
a certain finite interval of time, differing from 
those in other polymers which lack the primary 
network structure. This behavior can now be 
interpreted adequately in the light of Eq. (4). 
It proves readily that the right-hand side of 
Eq. (4) vanishes at a cértain positive value of 
t if CU is positive, and that it vanishes only at 
infinitity if C is identically zero. This result 
implies that when and only when self-contrac- 
tion of the material is operative; stress at 
constant compression should be relaxed com- 
pletely after a finite interval of time has 
elapsed, just as has been demonstrated in the 
present relaxation study on agar-agar gels. 


Summary 


As the third report of the series of papers 
concerning the viscoelastic behavior of con- 
centrated hydrogels of agar-agar, the results 
of an experimental investigation of the relaxa- 
tion of stress in an agar-ayar gel of a con- 
centration 4g./100cc. have been presented, 
which are summarized as follows: 

(1) The general type of the relaxation 
curves obtained may be seen in Figure 2, in 
which particular attention must be drawn to 
the behavior that the plotted curves fall across 
the zero stress base after running certain finite 
intervals of time. An adequate interpretation 
of this has been presented in the last section 
of the text. 

(2) As was illustrated in the second paper 
of this series, an agar-agar zel block decreases 
spontaneously and gradually its volume under 
the experimental conditions adopted in this 
series of experiments. Taking into account 
he spontaneous volume contraction, a system 
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of equations for representing the viscoelastic 
deformation of an agar-agar gel column subject 
to compressive load has been presented, in 
which as a mechanical model of the material 
two Maxwell relaxation elements connected in 
parallel have been assumed. 

(3) All the data of relaxation obtained 
have been considered in the light of this set 
of equations. In this way, the numerical 
results listed in Table 1 have been obtained. 

(4) The activation energy for relaxation has 
been calculated for each individual mechanical 
element by the use of the Arrhenius 
equation. It has been found that the activa- 
tion energies so calculated are constant below 
about 40°C. for both elements, amounting to 
nearly equal values, the average of which is 
estimated at about 9 kcal./mole. Above 40°C., 
for both relaxation elements, deviations from 
the Arrhenius equation appeared, which are 
gradually marked with increase in temperature. 
We have ascribed these deviations to the 
decrease in the frequency factor in the Arrhe- 
nius equation. 

(5) Finally, the set of equations presented 
above has been solved for the case of com- 
pression creep under constant load, resulting 
in a creep equation coinciding exactly in form 


. with the empirical creep equation derived in 


the previous paper II of this series. In addi- 
tion to this formal agreement of the present 
theoretical and the previous empirical creep 
equations, quantitative agreement of them has 
been demonstrated by showing that the vis- 
cosity values from the previous creep test can. 
be well reproduced by the sum of the individ- 
ual viscosity values obtained from the present 
relaxation test. 


The authors wish to express their hearty 
thanks to Mr. T. Nakagawa of Tokyo University 
for his continued interest and encourage- 
ment to the present work. 


Applied Physies Laboratory, Department of 
Fisheries, Faculty of Agriculture, 
Kyoto University, Maizuru 
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Physicochemical Properties of the Surface of Aqueous Solutions. 
IV. Classification of Mechanical Behavior of 
Several Aqueous Surfaces* 


By Hideo KIMIZUKA 


(Received June 2, 1952) 


In the preceding paper the mechanical 
behavior of the surface of aqueous solutions 
was measured and discussed by means of the 
mechanical models. Further studies on the 
mechanical behavior of surfaces of aqueous 
solutions of various substances have been 
continued from the similar point of view. 


Experimental 


Measurements of surface rigidity and surface 
viscosity coefficient were carried out using the 
same apparatus as described previously.“ Of the 
samples used, saponin, crystal violet, polyvinyl 
alcohol and horse serum albumin were those used 
in the preceding experiment.“> Gum arabic, 
peptone, egg albumin and sodium stearate were 
commercially pure and were used without further 
purification, In this experiment, the mechanical 
behavior of the surface of the solution was studied 
as a function of concentration. Solutions were 
prepared using freshly distilled water. The time 
of aging prior to the measurement was kept to 
one hour* and the experiments were carried out 
at room temperature, 


Result 


The concentration dependence of viscoelastic 
constants for each system observed was shown 
in Figures from 2 to 9. In these figures, the 
ordinates represent G,G’ and 7 which correspond 
to the elasticity and viscosity constants of a 


Fig. 1. 


* This work was reported at the meeting for general 
discussion’ of colloid chemistry held on Nov. 10, 1951, in 
Tokyo, under the auspices of the Chemical Society of 
Japan. 

(1) T. Sasaki and H. Kimizuka, This Bulletin, 2S, 318 
(1952). 


three-parameter model respectively shown in 
Fig. 1 and the abscissa, the logarithm of 
concentration, C. The portions of dotted line 
in n~log C curves represent the region of non- 
Newtonian flow. Here, non-Newtonian flow 
observed did not always obey the empirical 
relation, 


d@ 
log—-=A-—B 
edt . 
which was obeyed in the case of the measure- 
ment reported in the preceding paper.” The 
temperature range of the experiment was also 


8 £ec dynes/om 


7 G G’ 


log C (mol./1.) 
Fig. 2.—Crystal violet solution. 18%,5~20,5°C, 


B/eec, dynes/om 


7 G 


of -3 
log C (mol./1.) 
Fig. 3.—Sodium stearate solution. 10.5~11.5°O, 
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log C (g./1.) log C (g./I.) 
Fig. 4.—Saponin solution. 18,.0~20,0°C. Fig. 7—Horse serum albumin solution. 
23,0~25,0°C, 
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._—_Egg albumin solution. 19.5~20,5°C, 


log3C (g./1.) 
Fig. 5.—Gum arabic solution. 18,.0~20,0°C, 


S/sec,  dyneS/em 
7 G g 


log C (g./l1.) 
Fig. 9.—Polyviny! alcohol solution. 
18,.0~20,0°C 


Tabie 1 


log C (g./1.) Effect of the Time of Aging on the Mechanical 
Fig. 6.—Peptone solution. 23,.0~25,0°C. Behavior of the Surface of Polyvinyl Alcohol 
Solution (1.25x10-* g./1.) 


0 
-05 


indicated in each figure. The time effect on Aging of qr: Ga 


the mechanical behavior of the surface was Surface (dyn./em.) (dyn./em.) 7 (g./L.) 
also studied, of which an example was shown (hrs.) 

in Table 1. In Table 2, observed values of 1 0.00 ~0.00 
the relaxation time, 7/G', and the retardation 2 0.00 0.03 
time, 7/G, were summarized where T denoted : 5.11x10-* ~=— 0.00 1.62 
the time scale. 3.30x 10-4 1.23 x 10-2 0.42 
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Table 2 


Comparison between the Time Scale and 
Retardation Time or Relaxation Time 


Model n/G' (sec.) 7/G (sec. 
Three-parameter 5.0—810~T7 8.ti--535~7 
model 
Maxwell model 
with non- ~ > 
Newtonian fiow 
Maxwell model 0.8—7.8~> > 
Voigt model < we —1440~ 
Non-Newtonian é Pa 
flow 
Non- Newtonian < > 
fiow 
Newtonian flow c ; 
Discussion 


As seen in the results shown in the Figures 
from 2 to 9, a type of mechanical model for 
a given solution generally chanzed with the 
increase in concentration, presumably due to 
the change in the mechanical structure of the 
surface layer. This change ocurred in the 
following two ways in the present experiment. 


(1) 9) 
Fig. 10.—Mode of transformation in mechani- 
cal behavior of surface. 


Surfaces of solutions of high polymers, such 
as egg albumin, horse serum albumin, peptone, 
gum arabic and polyvinyl alcohol changed 
according to the mode 1,* while those of 
sodium stearate, crystal violet and saponin, 
the mode 2. Among the substances of the 
mode 2, sodium stearate did not exhibit the 
mechanical behavior of three-parameter model 
under the condition of one hour aging. Pro- 


, 


* Inokuchi, however, reported somewhat different 
results on the monolayer of egg albumin and horse serum 
albumin, in which the Maxwell model was not observed 
(The annual meeting of the Chemica] Society of Japan, 
Tokyo, on April, 1952.). 
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longed aging, however, made it to be realised, 
as in the case of fifty hour’s aging of 1 g./1. 


solution where G@’=7.08 dyn./em. G=045 
dyn./em. and 7=15S g./sec. The author 
should like to take the opinion that this 


difference in the mode of change in a mechani- 
eal model is likely to come not from the 
difference in molecular structure of correspond- 
ing substances, but from that in the structure 
of higher order, for instance, whether it is a 
high polymeror a micelle. This requires further 
confirmation since it is not clear at present. 

As seen in Table 1, a change in the time 
of aging without changing concentration caused 
such a change in mechanical model as that 
produced by the change in concentration with 
constant aging. From this, we can presume 
that the solute is gradually accumlating at 
the surface of the solution in the course of 
time and that the mode of change in a me- 
chanical model with concentration generally 
does not change with the time of aging. 

Table 2 shows the relaxation and retardation 
times observed which are of course the same: 
order of magnitude to the time scale of the 
present experiment, in agreement with the 
requirement of the theory of viscoelasticity.@ 
This table also shows the correspondence 
between the mode of change with concentration 
in the mechanical model and the process in 
which relaxation time and retardation time, 
starting from a much smaller or larger value 
for the viscous flow, approach the order of 
the magnitude of the time scale of the ex- 
periment. 


Summary 


1. Mechanical behaviors of surfaces of 
aqueous solutions were studied, and were 
explained by the three-parameter model with 
various relaxation times and retardation times. 

2. The mode of change of mechanical 
models with the increase in concentration of 
the solution were classified into two groups; 
a change from the dashpot through the Voigt 
model to the three-parameter model, and a 
change from the dashpot through the Maxwell 
model to the three-parameter model. Saponin, 
crystal violet and sodium stearate belonged to 
the former, and egg albumin, horse serum 
albumin, peptone, gum arabic and polyvinyl 
alcohol, to the latter. It was presumed that 
this difference was due to the difference in 
the state of aggregation of their molecule. 





(2) T. Alfrey Jr., « Mechanical Behavior of High Po- 
lymers”’, Interscience Publisher, Inc., New York, 1948, p. 
116. 
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In conclusion, the author wishes to express 
his sincere thanks to Prof. T. Sasaki for his 
guidance and encouragement given to the 
author during this experiment. A part of the 
cost of this research has been defrayed from 
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Ministry of Education given to the professor. 
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Physicochemical Properties of the Surface of Aqueous Solutions. 
V. Mechanical Properties of the Surface of Dye Solution 


By Hideo KIMIZUKA 


(Received June 9, 1952) 


dyes are known to be remarkably 
surface active and their surface physicochemical 
properties have been studied in connection 
with the adsorption, film  strength,@® 
foam“ ©) ete. Especially in our laboratory, 
the interaction between stearic acid and some 
dyes was investigated using wetting, mono- 
layer and built-up film techniques. In 
connection with these experiments, the present 
author haz also studied the mechanical pro- 
perties of the surface of dye solution. 


Some 


Experimental 


The experiment was carried out by the same 
concentric ring apparatus as described previous- 
ly. Dyes used in this experiment were con- 
ventionally classified according to their molecular 
structure into three groups, namely those of 
cationic, anionic and amphoteric ones. As anionic 
dyes, phloxine and scarlet red; as cationic dyes, 
crystal violet and night blue; as amphoteric 
dyes, methyl! orange and congo red were chosen. 
Of the dyes used, crystal violet, methyl orange 
and congo red were specially purified by salting 
out or recrystllization"’® and the mechanical 
behavior of each was compared with that of 
crude ones, but they could not be distinguished 


(1) K. 8S. G. Doss, Kolloid-Z., 84, 138 (1938); 86, 205 
(1939); 87, 272 (1939), ete. 

(2) W. Ramsden, Z. physik. Chem., 47, 336 (1904); O. 
Rhode, Ann. Physik, 19, 936 (1906); Wo. Ostwald und M. 
Meiszner, Kolloid-Beth., 26, 1 (1928), etc 

(3) A. Buzdgh und J. Szonyi, Aolloid-Z., 113, 146 (1919). 

(4) M. Nakagaki, This Bulletin, 22, 201 (1949); 23, 48, 
105 (1950). 

(5) TT. Sasaki and H. Kimizuka, This Bulletin, 24, 230 
(1951). 

(6) A. Inaba, to be published. 

(7) R. Matuura, This Bulletin, 24, 282 (1951). 

(8) M. Muramatsu, to be published in a near future. 

(9) T. Sasaki and H. Kimizuka, This Bulletin, 25, 318 
(1952). 

(a) C. Robinson and H. A. T. Mills, Proc. Roy. Soc., 
4 131, 576 (1981). 


from each other. So the rest of the dyes were 
used without special purifications. Each of these 
dyes was dissolved in water to the concentration 
of 10-* mol./), and was aged for about ten days 
before use. Just before the measurements, the 
solution was diluted to 10-* mol./l. except for 
crystal violet, which was made to 10-* mol./l. 
The hydrogen ion concentration of dye solution 
was varied from 1 to 13 in pH using hydrochloric 
acid and ammonium hydroxide. Here the use 


of ordinary buffer salt was avoided because of its 


disturbing effect upon the properties to be 
measured, The experiments were carried out at 
room temperature (10~13°C) and the time of 
aging prior to the measurement was kept to 
thirty minutes. 


Result 


As to the rheological property measured, the 
surfaces of solutions of scarlet red and methyl 
orange could not be distinguished from the 
surface of distilled water throughout the whole 
range of pH and up to the concentration of 0.1 
mol./l. in the present experiment, while the 
formation of a coherent adsorbed layer was 
perceptible and sometimes remarkable in the 
solution of the rest of the dyes. The results 
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Fig. 3.—Phloxine solution. 10-‘mol./1. 


obtained for the surfaces of solutions of crystal 
violet, congo red and phloxine were shown in 
Figs. 1, 2 and 3 respectively. The result with 
night blue was not shown which was essentially 
the same in its nature with crystal violet. In 
these figures, the ordinates represent instantaneous 
elasticity, G', retarded elasticity, G, and viscosity 
coefficient, 7, corresponding to those of the three- 
parameter model, the abscissa, pH. As seen 
in these figures, the surfaces showed the transfor- 
mation of a mechanical model as well as sharp 
maxima in the value of surface rigidity and 
surface viscosity when pH of the solution was 
changed, keeping concentration constant. 


Discussion 


In our laboratory, Matuura®) observed a re- 
markable expansion of the monolayer of stearic 
acid on the aqueous substrate containing dye at 
certain range of pH, and accounted for its mech- 
anism by the interaction between the dyes and 
stearic acid. Inaba“ confirmed this view by the 
experiment on wettability and Muramatsu,“ by 
the study of built-up film. The present experi- 
ment also shows that the solution of dyes forms 
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a coherent adsorbed layer in certain range of 
pH, where a remarkable effect on stearic acid 
was reported by the above authors. It may be 
emphasized from the above facts that the forma- 
tion of a coherent adsorbed layer at surface 
together with the interaction between dyes and 
stearic acid result in the characteristic behavior 
of the monolayer. 

Recently, Buzagh™ made the measurement of 
strength of an adsorbed layer with respect to a 
change in pH and pointed out that anionic dyes 
formed a coherent adsorbed layer in an acid 
region, cationic, in an alkaline region and am- 
photeric, in neutral condition; but unfortunately 
he did not study the mechanical behavior of the 
film precisely. The result obtained in the present 
experiment shows that the mode of transformation 
of mechanical model exhibited by the dye solution 
belongs to that of micellar solution reported in 
the preceding paper“) which again confirms the 
view presented there that the difference in me- 
chanical behavior is due to a difference in higher 
order structure rather than a molecular one. 
Further, Buzagh™ studied an effect of electrolyte 
on the surface of dye solution and emphasized 
that the formation of a coherent film is governed 
by the same factors determining other aggregation 
phenomena, This is in agreement with the 
behavior observed with the solution of congo red, 
crystal violet and night blue at appropriate range 
of pH. 

In the case of scarlet red and methyl orange, 
the failure in the formation of a coherent adsorbed 
layer may be due to the weak attractive force 

ween molecules in the surface layer because 

. its strongly ionizable —SO,Na group and 
therefore strongly hydrophilic character. The 
formation of a coherent adsorbed layer mignt be 
expected here if the solution is rendered much 
more acidic than in this experiment. 

In the preceding paper, the close correlation 
between surface viscosity and foam stability of 
solutions were reported, in which the neutral 
solution of congo red, fuchsine, auramine, crysoidine 
and malachite green were reported to form no 
coberent adsorbed layer. In the case of congo 
red solution, however, a change in pH of solution 
enables the formation of stable foam™ as well 
as the coherent adsorbed layer which was over- 
looked in the preceding report. 


Summary 


The rheological property of the surface of 
dye solution with a change in pH under 


constant concentration was studied. Solutions 
of crystal violet, night blue, congo red and 
phloxine form the coherent adsorbed layer, 
while those of scarlet red and methyl orange, 
do not. The differences between them was 
considered to be due to the difference in the 


(11) H. Kimizuka, This Bulletin, 26, 30 (1953) . 
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intensity of the interaction between molecules 
in the adsorbed layer. The surfaces of solutions 
of crystal violet, night blue, congo red and 
phloxine show the transformation of a mechan- 
ical model as well as sharp maxima in the 
value of surface rigidity and surface viscosity 
coefficient with a change in pH. 


The author wishes to express his hearty 
thanks to Prof. T. Sasaki for his kind guidance 
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in the course of this study and to acknowledge 
the contribution of Dr. M. Nakagaki for the 
discussion of the result. A part of the expense 
of this research has been defrayed from the 
Scientific Research Expenditure of the Ministry 
of Education given to the Professor. 


Department of Chemistry, Faculty of Science, 
Kyisyti University, Fukuoka 


Theory of Monolayer. II. Vibration of Molecule in the 
Monolayer Normal to the Surface. 


By Hiroshi Horra 


(Received June 9, 1952) 


The author assumed in the previous paper™ 
the equality of the vibrational term of the 
partition function of the molecule normal to 
the surface in both gaseous and liquid states 
of the monolayer. In the present paper, we 
shall criticise this propriety as a problem of 
the dynamics of material points and derive 
the relation between frequency and intermole- 
cular distance or potential energy. 

This vibration should be, of course, independent 
of the surface area per molecule in the region, 
where the mutual interaction between the surface 
molecules is negligible. Therefore, we now con- 
sider the system with mutual interaction. As a 
model of such a system we imagine a molecule 
vibrating normal to the surface, which is con- 
nected with n surrounding fixed molecules by 
springs, the strength of which is equal to the 
mutual potential energy, vu, as shown in Fig. 1. 
The mass of the molecule is m, 


Fig. 1, 


The mutual potential energy between any pair 
of the vibrating molecule and the surrounding 
one, U, is generally expressed in the form 


a b 
ad ’ (1) 


U=nu = 
r6 r* 


(1) H. Hotta, This Bulletin, 25, 398 (1952). 


and 
7=P+27, (2) 


where r is the distance between two neighboring 
molecules, / the distance between them at equili- 
brium position, « the displacement norma] to the 
surface, k the constant which is generally taken 
within a range of 12=>k=9%. The obtained value 
from the experimental data, as found in the 
previous paper,“ was not u but U. Hence, the 
force normal to the surface, /’, is as usual 


dU dr ( 6a kb \ 
dz i 


, 


— 3 
,7 pee), (3) 


from (1) and (2). Since the equation of motion 
is 
dr ‘ 
m +F=0, (4) 


di? 


which may be rewritten as 


er 


- dt? +y*x=0, 


inserting (3) into (4) and comparing this with 


First Approximation 


If we neglect the second ierm in (6), viz., [> 


, 
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according to well-known treatment, the frequency 
y is expressed by 


I J2( ba kb 
m\ je+3 
af b l 
{[6—k. ° 3 
‘ Mh ‘ a Ff =) : 


If we define 


the equation (7) is rewriteen as 


1 jue 
y= 
2zl Ws 


On the other hand, if we define 


a b 


js aie l*? 


Ut= 


ihe equation (7) is rewritten as 


: fe" ee. 1 
e fet © on ( ag ee ae). 


Since the muiual potential energy in the liquid 
expanded film near the vaporization point may 
be approximately expressed in the form (8) as 
shown in the previous paper,‘ the equations (7) 
and (%) are rewritten as the limiting form 


1 ba 
i Am m 
] 6U’ 
_ em m’ 
where »’ is the frequency corresponding to (3). 
It is shown by (12) that »’ is inversely propor- 
tional to the fourth power of the intermolecular 
distance or the square of the surface area per 
molecule. 
If we insert the value of U’ of myristic acid 
at 14°C, obtained in the previous paper‘ into 


(13), the frequency normal to the surface under 
the condition metioned above becomes 


(11) 


y?=1.2x10" gec.—! (14) 


On the other hand, if the frequency of the vibra- 


tion on the surface, v*, can be defined, according 
to the harmonic oscillator model, by 


: kT 
> on 
, “soma 


where A, is the molecular free surface as defined 
by equation (18) in the previous paper.“ By 


(15) 


(2) Fowler and Guggenheim, “ Statistical Thermody- 
namics,” 1939, p. 325. 
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inserting the numerical value corresponding to 
(14) into (15), we obtain 

y®=1.6x10" see.-', (16) 
Next, since the vibration in the gaseous film may 
be the thermal agitation, the corresponding fre- 
quency, v”, is given, according to the cage model,™ 
by 


ye 1 /2kt 


~ 4r4 


(17) 


? 
zim 


which is one-third of the three-dimensional 
frequency, where r* is the radius of a cage. 
Therefore, we obtain also 


2x10"! 


6 
vy” @ 
r 


gec.—" (18) 


by inserting the numerical value to (17), where 
r? is in the A, unit. If we suppose that the 
maximum displacement of the centre of a surface 
molecule in the gaseous film, viz., r*, may be at 
the most a few Angstroms, the ratio of v4 to v% 
in the equation (9) in the previous paper should 
be nearly equal to unity, and the contribution to 
the heat of surface vaporization negligible. 

These three frequencies are nearly equal, This 
shows that the effect of the mutual potential 
energy to the vibration should be negligible at 
the surface vaporization point. And these orders 
of magnitude of the frequencies may be plausible, 
compared with the experimental results in the 
other branches of science, e. g., rheology and 
microwave, etc.< 

Since we must consider the repulsion term as 
in (LO) in the more compact film, the frequency 
must be given by (11). If we detine 


Bic Dd 
2= yk e Ue? (19) 


which means the fraction of the repulsion term, 
then the equation (11) is transformed into the 


ia 1 f= 1 k—6 \ 
2nlV m ( wit he 2 


where y° is the frequency corresponding to (10). 
Miiller®> has calculated the yan der Waals poten- 
tial and the lattice energy of an n-hydrocarbon 
molecule in a paraffin crystal. Since z is supposed 
to be at the most one- or two-tenths even in 
the liquid condensed film from his estimation, if 
we neglect the effect of the head group, the 
contribution of the term (£—6)z/6 to the frequency 


form 


(20) 


(3) Ibid., p. 530, 
(4) M. Toda, « Ekitai-Kozo-ron” (The theory of liquid 


structure) (in Japanese). Chap. VIII; C. V. Raman and 
C. 8. Venkateswaran, Nature, 143, 798 (1939); C. P. Smyth 
et al., J. Am. Chem. Soc., 70, 4102 (1948); ibid., 72, 3447 
(1959). 

(5) A. Miiller, Proc. Roy. Soc., A 154, 628 (1936) 
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is within the range of 
Therefore, the equations (13) and (20) 
are generalized in the form, 


I 6U 
2rl m 
within the error mentioned above. 
But, since the steric hindrance should be con- 


sidered in the compact film, the mode! at the 
beginning must be moditied suitably. 


may be small, when & 
12>k>9, 


Second Approximation 


When the equation of motion is expressed as 


12 
ar 

m yr 3x47 =0 
dj2 te ' “2 , 


the corresponding frequency is approximately 


we dd : \ 

» (, ate BC* ’ 

2z V m\ + ) 

where C' is the amplitude. Therefore, when we 
consider the second term in (fi), the frequency 
becomes 


[ ir(6a kby 8 
; (© ba ) a 
V " \ js is) 


(6) T. Tsuboi, «Shindo-ron ” (Theory of Vibration) (in 


Japanese), p. 255. 


4, 4'-Dimethoxy-a, a’ -dihalogeno-stilbenes 


5 


k \ 

le ». 

k( +1) —24 
2} 

(24 
using (1) and (19). When the amplitude is small 
intermolecular distance, viz., 1>C, the 

equation (24) becomes similar to (7). 


against 


Summary 


The 
paper that the vibrational term of the partition 


author has assumed in the previous 
function of the molecule normal to the surface 
is equal in both gaseous and liquid films. This 
assumption was verified at the surface vapori- 
the 


material 


1 


paper with the 
The 
relation between frequency and intermolecular 


(13). 


zation point in present 


dynamics of points. derived 


distance or potential energy is 


In conclusion, the author wishes to express 
his sincere thanks to rsrof. T. Isemura for his 


kind advice and encouragement. 


Tustitute of Scientific and Industrial Research, 
Osaka University, Osaka 


4, 4’-Dimethoxy-a, a’-dihalogeno-stilbenes: Estrogenic Halogen 
Derivatives of the Stilbestrol Series 


By Michinori OKI 


(Received July 23, 1952) 


It has been postulated by the author and 
Y. Urushibara\) that the development of a 
strong estrogenic activity requires not only 
the presence of two active hydrogen atoms 
or any groups capable of producing such in 
the optimum distance from each 
other® but also an optimum thickness of the 
molecule. Diethylstilbestrol 


vivo at 


acquires its fa- 


(1) M. Oki and Y. Urushibara, This Bulletin, 25, 109 
(1952). 
(2) F. W. Schueler, Science, 103, 221 (1946) 


vorable molecular thickness through the steric 
effect of the two ethyl groups at the a, a’- 
positions which the benzene 
rotate to a moderate extent. The substitution 
of lower or higher alkyl groups for the ethyl 
groups reduces the estrogenic activity and, as 
far as the molecular thickness is concerned, it 
is attributed to the deviation of the rotation 
of the benzene rings and consequently the 
molecular thickness from the optimum. The 
rotation of the benzene rings and its extent 
were deduced from the absorption spectra on 


force rings to 
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the assumption that the deterioration in the 
light absorption is associated with the loss in 
conjugation caused by the rotation of the 
benzene rings from the coplanar structure, 
although nothing can be said as to the direction 
of the rotation. 

It has been proved that the groups carrying 
or producing the active hydrogen atoms need 
not be the hydroxyl or the alkoxy groups. 
Namely, thio-analogs of diethylstilbestrol di- 
methyl ether, CH,SC,;H,C(C.,H;) =C(C_H,)- 
CeH,SCH; and CH,0C,H,C(C,H,) =C(C.H,) — 
\sH,SCH,, were found potent estrogens as 
reported by the author. On the other hand, 
no fundamental change in the physiological 
properties is caused by the replacement of the 
ethyl groups of diethylstilbestrol by other 
groups capable of exerting a similar steric 
effect. Thus, 1,2-bis-(p-methoxypheny]l)-1,2- 
bis-(methylthio)-ethylene, CH,O0C,;H,C(SCH;) = 
\(SCH:}C;H,OCH2, has been found a strong 
estrogen as reported from this laboratory.© 

In this paper the author presents the results 
of the studies on 4, 4’-dimethoxy-a, a’ -dibalogeno- 
stilbenes, Dodds et al.“ prepared already the 
dichloro-compound and found 1,000 international 
units per gram. The present author prepared 
the same substance by a different method and 
synthesized other symmetrical and unsymmetrical 
dihalogeno-compounds, The methods of prepara- 
tion of these substances are described in the 
Experimental Part. The absorption data and the 
estrogenic activity are shown in Table 1. In 
Table 2 the absorption data of dialkylstilbestrols 
and reference substances are given for 
com parison. 

Although the bromine atom possesses 
der Waals radius comparable with that of the 
methyl group, the absorption spectrum of the 


some 


a van 


Table 1 
Absorption Data and Estrogenic Activity of 
4,4'-Dimethoxy -a@,a' -dihalogeno-stilbenes, 
CH,O0Cg,H,CX =CX'CgH,OCH, 
Minimum active 
dose in mice 
2007 (6.5 x L0-7mol.) 
3007 (7.5 a ) 


x? Amax. max. 
. my) x10-4 
282 2.87 
263 2.53 
inactive at 
8007 (16 


be 
_ 


1007 (2.5 


s~I te 


i] 234 


(261 >6007(13 


_—— —— 
a 2 


St-7 bo le 


aw 


(3) Cf. G. A. Jeffrey, H. P- Koch, and § C. Nyburg, 7 
Chem. Soc. 1948, 1118 ; C. H. Carlisle and D. Crowfoot, ibid.,. 
1941, 6. ? 

(4) M. Oki, This Bulletin, 25, 112 (1952). 

(5) Y¥. Urushibera, M. Oki and R. lkeda, ibid., 25. 66 
(192). 

(6) E. C. Dodds, L. Golberg, E. I. Griinfeld, W. Lawson, 
C. M. Saffer, Jr. and R, Robinson, Proc. Roy. Soc., B 132, 
83 (1944). 
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Table 2 


CH,0C,H,CR=CRC,H,OCH, *” ae 


&max. 
x 10-* 


{ 230 1.27 
(WL) R=H 305 3.47 

\305 (3:37 
(Wl) R=CH, 247 2.85 
(al) R=C,H; 236 2.20 
(x) R=(C,H, 1.81 
0.66 
0.14 
0.13 
eo 


0.25 


(X) p-Cresol methyl ether 


(1) p-Methoxy-benzyl chloride 


dibromo-compound (I]) appears to show that the 
steric effect on the rotation of the benzene rings 
is smaller than that of the methyl! group, provided 
that the bathochromic effect of the halogen atoms 
is such as shown by the absorption spectra of 
p-cresol methyl ether (X) and of p-methoxy- 
benzyl chloride (XI). And, on the same assump- 
tion, it Can be said that in the diiodo-compound 
(II]) the steric effect is greater than in the 
dipropy! compound (IX). The spectra of the 
unsymmetrical dihalogeno-compounds (IV and V) 
show two maxima attributable io two halves of 
their molecules, If it can be assumed that each 
half has a structure with a benzene ring which 
rotates in the same manner as it does in the 
symmetrical compound corresponding to the 
double of it, then it can be concluded that the 
hypsochromic effect of the unsymmetry is slight 
in the bromo-iodo-compound (V), while it is 
greater in the chloro-iodo-compound (IV). 

The physiological activity was examined by the 
vaginal smear test with ovariectomized mice, 
substances in oil solution being subcutaneously 
injected in two portions. Among the symmetrical 
dihalogeno-com pounds the dichloro-com pound (1) 
showed the greatest activity, although only slightly 
more active than the dibromo-compound (II). 
If it is taken as significant, then it is deduced 
that there is another favorable thickness, to which 
the dichloro-com pound is nearer than the dibromo- 
compound, H. Suzuki™® estimated the angle of 
the rotation of the benzene rings in a,e'-dime- 
thylstilbene as 60 or 56°, As the same rotation 
angle should be valid for the 4, 4’-dimethoxy-a, 
a'-dimethylstilbene (VII), the angle of the rota- 
tion of the benzene rings in the dibromo-compound 
(11) must be smaller than this value and still 
smaller in the dichloro-compound (I), while 
naturally greater in diethylstilbestrol (VIII), but 
the angle peculiar to diethylstilbestrol is far 
surpassed in the diiodo-compound (III). 

By the molecular thickness the author means 
the molecular dimension in the direction per- 
pendicular to the plane of the central ethylene 
grouping, and, as far as the domains of the 
benzene rings. are concerned, the thickness is 
complementary with the width. If the thickness 
and the width are interchangeable for the purpose 


(7) H. Suzuki, This Bulletin, 25, 145 (1952). 
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of attaining the optimum molecular shape, then 
there can be two favorable structures, unless the 
angle of the rotation is 45°, Then it comes out 
that none of the symmetrical dihalogeno-com- 
pounds correspond to the favorable structure of 
diethylstilbestrol but the dichloro-compound (I) 
is near to the other favorable structure which 
does not exist in the dialkylstilbestrols. 

The chloro-iodo-compound (LV), being the most 
active of the present series, reminds the author 
of methyl-propyl-stilbestrol, which is as active 
as diethylstilbestrol. As it is probable that the 
steric effect of the chlorine atom is smaller than 
that of the methyl group while the iodine atom 
exerts a greater effect than the propyl group, as 
mentioned above, then, regarding the molecular 
thickness, the chloro-iodo-compound is more 
unbalanced than the methyl-propyl-stilbestrol; 
but their potency may probably be explained on 
the same grounds, 

The direction of the rotation of the benzene 
rings being left in ambiguity, it is impossible to 
visualize a definite figure of the molecular struc- 
ture. Moreover, the animal test may not offer 
a reliable basis for a quantitative discussion, and 
no information is available as to the physiological 
effect of the balogen atoms themselves. Hence, 
the considerations presented in this paper cannot 
claim more than only a reserved significance. 


Experimental Part 


4, 4'-Dimethoxy-a, a’-dichlorostilbene (1).— 
To a suspension of 472 mg. of 4,4'-dimethoxy- 
tolane, prepared by the oxidation of anisil 
dihydrazone with yellow mercuric oxide,“ in 
acetic acid (5 c.c.), 5 c.c. of an acetic acid solution 
containing 142 mg. of chlorine was gradually 
added with good cooling and shaking. The reaction 
mixture was left to stand for 2 hours at room 
temperature and then the crystals were collected 
and recrystallized from alcohol containing a little 
acetone. The mother liquor from the reaction 
mixture gave a more crop. Yield, 347 mg. 
Colorless prisms melting at 163-164°. Found: Cl, 
23.08 ; Calculated for CygHy40,0l,: Cl, 22,94%. 
Dodds et al. “® give m.p. 170°, 


4, 4'-Dimethoxy-a, a'-dibromostilbene (1l).— 
This substance was already prepared by H. 
Wiechell®™ who gave m.p. 197°. The present 
author prepared this compound by adding an 
equivalent amount (320 mg.) of bromine to a 
suspension of 4, 4'-dimethoxytolane (472 mg.) in 
acetic acid. Recrystallization of the product from 
acetone or ethyl acetate gave colorless prisms 
melting at 198°. Yield, 552 mg. Found: Br, 


(8) W. Schlenk and E. Bergmann, Ann., 463, 82 (1928). 
(9) H. Wiechell, Ann., 279, 389 (1894). 
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40.32; Calculated for C,gH,,0,Bre: Br, 40.08%. 

4, 4'-Dimethoxy-a, a’ -diiodostilbene (I11).—To 
a suspension of 472 mg. of 4, 4'-dimethoxytolane 
in 5 c.c. of acetic acid, 15 c.c. of an acetic acid 
solution containing 508 mg. of iodine was added 
and the reaction mixture was left to stand for 
72 hours at room temperature, when the brown 
color of iodine almost disappeared. The crystalline 
deposits were collected and carefully recrystallized 
from acetic acid. The substance was obtained in 
colorless prisms hardly soluble in most organic 
solvents and decomposing at 173° with evolution 
of iodine vapor. Yield, 847 mg. Found: I, 52.04; 
Calculated for CygH,4Ogl: I, 51.58%. 


4, 4'-Dimethoxy-a-chloro-a'-iodostilbene (LV) 
—Prepared from 472 mg. of 4, 4'-dimethoxytolane 
and 325 mg. of iodine monochloride in freshly 
distilled acetic acid in the same way as the 
dichloro-compound. Recrystallization of the pro- 
duct from acetone gave colorless prisms melting 
at 176-177°. Yield, 615 mg. Found: Cl, 9.16; I, 
31.84; Calculated for C,gH,,O.ClI: Cl, 8.85; I, 
31.68%. 

4, 4'-Dimethoxy-a-bromo-a'-iodostilbene (¥). 
—Prepared from 4, 4'-dimethoxytolane and equiv- 
alent iodine monobromide in an analogous way. 
Recrystallization of the product from a large 
quantity of ethyl acetate gave colorless prisms 
melting at 207° with decomposition. 472 mg. of 
4,4'-dimethoxystilbene gaye 708 mg. of the 
product. Found: Br, 18.03; I, 28.68; Calculated 
for C,gH,,0,BrI: Br, 17.73; I, 23.29%. 

Ultraviolet absorption spectra.—They were 
recorded with a Beckman Model DU photoelectric 
quartz spectrophotometer. Substances were dis- 
solved in 95% ethanol, The concentrations are 
given in Table 3, The thickness of the solutions 
was 5mm. 


Table 3 
Concentration 
p-Methoxy-benzyl chloride 7.03 x 10-5mol./1. 
I 2.33 
li 4.10 
i 4,29 
WV 3.03 


Substances 


Vv 2.12 
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assays and to the Ministry of Education for 
the Grant in Aid for Fundamental Scientific 
Research. 
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Electron Microscopic Observation of Carbon Brushes. I. 


By Tokiti NODA, Hiroshi TOMITA and Kenichi MIyATA 


(Received June 16, 1952) 


It was found in the previous paper concern- 
ing the X-ray examination of several com- 
mercial carbon brushes that the degrees of 
graphitization, i. e. 
stallization and the crystal size and form of 
graphite crystallites of brushes could be dis- 
from other by the X-ray 
The electron microscopic examina- 
has been made in the 
microstructure 


the completeness of cry- 


tinguished each 
method. 
tion of carbon brushes 
present study to observe the 
of brushes, such as the mode of aggregation, 
the form and size of carbon particles. 

Carbon brushes observed were the laboratory 
products of known composition and treatments. 


Experimental 


Samples: 

Experimenta! carbon brushes of Nippon Carbon 

Co,: 

Raw materials and intermediate product: 

A: Carbon black (Nippon Oil Co.), Ash 0.11%, 
Density 1.730. 

B: Pitch coke (Great Lake), Ash 0.8%, Density 
2.080. 

C: [(A 50%, B 50%): Tar=10:6] graphitized 
at 2500°C., 

Carbon brush blocks: 

D: [Powder of C):(Tar 30%, Pitch 70%) =100: 
45] graphitized at 2500°C., 

E: [(B graphitized at 2500°O, 50%, Domestic 
coal tar pitch coke (ash 1.0%, density 1.800) 
graphitized at 2500°C, 509%): (Tar 30%, Pitch 70%) 
=100:45] graphitized at 2500°C.,, 

F: [(Coal tar pitch coke graphitized at 2500 
°0,): (Tar 309%, Pitch 709)=100:45] graphitized 
at 2500°C., 

G: [(B graphitized at 2500°C,): (Tar 30%, Pitch 
70%) =100:45] graphitized at 2500°C., 

H: [(A 30%, B 70%):Tar=10:6 graphitized at 
2500°C,): (Tar 30%, Pitch 70%) =100:45] graphiti- 
zed at 2500°C,, 

I: [(A 50%, B 50%%):(Tar 80%, Pitch 209) = 
100:45] graphitized at 2500°C., 

J: [(A 50%, B 50%):(Tar 50%, Pitch 50%) = 
100:45] graphitized at 2500°C., 

K: Carbon brush block showing 
specks, 

- Raw materials, intermediate product and some 
of the brush blocks were powdered and dispersed in 
a dilute aqueous solution of alcohol by super-sonic 


glancing 


(1) T. Noda and 8. Sato, This Bulletin 25, 195 (1952). 


vibration. Surface replicas of carbon brushes were 
prepared to observe the microstructure of brushes. 
The block of the carbon brush sample was flat- 
tened by rubbing on a ground glass plate with a 
little amount of No. 800 Alundum and water. 
Carbon fragments which adhered on the surface 
of the block were rubbed away by a piece of wet 
cotton. Ten % solution of polyviny! alcchol or 
nitrocellolose was placed on the surface, <A film 
which formed on the surface was stripped, so as 
to remove carbon fragments attached to the 
surface of the block, It was necessary to repeat 
the procedure two or three times in order to 
obtain a clear replica with only a small amount 
of adhered carbon particles. Positive aluminum 
replicas of the cleaned surface were prepared by 
the well-known methyl metacrylate-aluminum 
method. The thickness of aluminum replica film 
of about 25~30 my was suitable to observe carbon 
brush surfaces. 


Results: 

A: The particle size of A was 0.1~0.05 » or 
smaller (Fig. 1.). 

B: The powdered B 
flakes (Fig. 2.). 

3: C consisted of two different parts, i.e. parts 
of aggregates of minute carbon particles of 
approximately the same size as A and parts of 
pitch coke origin resembling B (Fig. 3.). The 
appearance of minute carbon particles of the 
former parts was slightly altered from the original 
black. They must be single crystals of graphite 
as were observed in the graphiiized carbon blacks, 
The hexagonal face angle could not be seen, as 
the particles were too small to resolve the angle 
with our instrument, 

D: The observation of surface replicas of D 
showed that the parts of pitch coke origin were 
aggregaies of flat and irregular crystals and the 
parts of carbon black origin had smail projects 
of approximately the same size as the original 
black (Fig. 4. and 5.,). 

E: Flat and irregular crystal surface of the 
size 0.5~0.6 » predominated and crystal surfaces 
of several microns were observed in some parts 
of the replicas of E. Thin irregular crystals of 
graphite were found attached on the replica (Fig. 
6.). The layer structure of graphite crystal can 
be seen on the large crystal surface shown in 
Fig. 7. A sectional view of layers of graphite 
crystals were reproduced in the replica and are 
seen near the large crystal surface on the figure. 
Smaller crystal surfaces are seen in other parts 
of the replica. Minute particles of ca. 0.014 


consisted of irregular 
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le bd 
Fig. 1.—A (Nippon Oil Co. black). Fig. 2.—B (Great Lake pitch coke). 
x 10, 000 «10, 000 


siti a silica tM 


x 10, 000 


5.—D.~ A part of Fig. 4- 
x 10, 000 





Fig. 8.—F. 
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were found besides flaky graphite crystals in the 
directly observed powdered specimens of E. 

F: Main parts of crystals of F were more 
irregular and smaller than those of E (Fig. 8.). 

G: Well developed crystal surfaces were seen 
in larger parts of G. 

H: The parts of carbon black 
pitch coke origin were clearly 
electron micrograph of the powdered specimens 
of H. The appearance of the powders was the 
same as those of C. Particles of approximately 
the same size as the original carbon black A 
linked together to aggregates. 

I: A part of carbon black origiin u! i is shown 
in Fig. 9. Boundaries of particles of aggregated 
carbon blacks are seen. A part of piich coke 
origin is shown besides a part of carbon black 
origin in Fig. 10. 

J: The appearance of J was the same as I. 

K: Well developed crystal surfaces as F were 
seen in replicas of K. 


origin and of 


seen from an 


Summary and Discussion 


Pitch coke type brushes were found to consist 
of graphite crystallites having irregular forms 


and flat surfaces. Sizes of the graphite 
Well graphitized 


crystals have relatively flat and smooth 


crys- 
tallites were very variable. 
sur- 


iaces. Less. graphitized crystals have rough 


Wettability of Solid Surface. VI. 


VI. The Effects of Metallic Cations 43 


surfaces. Well-developed flat crystals were 
split into thin flakes and attached on replica 
films. Parts of small and badly developed 
crystallites were seen side by side with the 
well-developed ones. 

type brushes were found to 
ageregated minute carbon 
particles and parts of pitch coke origin. The 
size of the minute particles was approximately 
the same as that of the original carbon black 
The minute particles were seen as 
replicas, while 


Carbon black 


contain parts of 


particles. 
minute projections or pits on 
they being linked together 
to aggregates in directly Observed specimens. 


were observed as 
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The Effects of Metallic 


Cations on Stearic Acid Built-up Film 


By Ayako INABA 


Received July 19, 1952 


Introduction 


Formerly, Sasaki and Mitsui™ reported the 
nature of wettability of stearic acid built-up 
film in relation to the number of layers and 
the condition of building up. The present 
author has also studied the wettability of 
stearic acid surface and has been confronted 
with the necessity of the more precise informa- 
tion on this problem. 

It was shown in the fifth report@) of this 
series that metallic cations were divided into 
three types, according to their effects on the 


(1) S. Mitsui and T. Saseki, Survey of the Recent Col- 
loid Chemistry, 1, 196 (1948). 


(2) A. Inaba, This Bulletin, 25, 174 (1952). 


wettability of stearic acid surface solidified in 
I) wetting ion I (Na, K, Rb, etc.), 
producing surface dissociation of stearic acid, 
II) wetting ion II (Al, Th, Fe, Cu, etc.), 
forming hydrated metal stearate of a complex 
structure, and (III) non-wetting ion (Ba, Sr, 
Ca, etc.), forming simple stoichiometric com- 
pound of principal valency. Here the differ- 
(II) and (III) is the most 
interesting problem. Matuura and Sasaki® of 
our laboratory reported the similar difference 
in the interaction of metallic ions~stearic acid 
monolayer, from the study of the pressure~ 
area curve and film elasticity. Muramatsu and 


air, namely 


ence between 


re 


T. Sasaki and R. Matuura, This Bulletin, 24, 274, 
1951). 


3) 
( 


278 
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Sasaki also arrived at the same conclusion 
in their investigation of built-up film. The 
purpose of this work is to show the effect of 
metallic cations for the wettability of stearic 
acid built-up film. 


Experimental 


Material.—Materials used were stearic acid, 
barium chloride, aluminum sulfate, mercuric 
chloride, calcium nitrate, sodium hydroxide, and 
hydrochloric acid. These were purified by the 
usual methods which were described in a former 
report. 

Measurement.—The monolayer of stearic acid 
was built up on a glass rod under the pressure 
of oleic acid, excepting the case of B-layer tech- 
nique, from the surface of aqueous substrate con- 
taining various metallic ions of 10-* or 10-* mol. 
The pH of the substrate was controlled in the 
range of 4.2~12.0 by adding 0.5n sodium 
hydroxide or 0.6N~ hydrochloric acid. The glass 
rod had been successively cleansed with chromic 
acid mixture, potassium hydroxide~alcohol 
mixture and distilled water, and dried in the 
current of dry air. The built-up film thus 
obtained was used for the wettability experiment. 
Du Noiiy’s apparatus was used to measure the 
degree of wettability. 


Results 


a. Wettability and the Time of Drying. 
—Wettability of stearic acid film built up from 
the surface of tap water decreased with the 
time of drying after it was deposited from 


water surface and came to a certain limiting 
value after 1.5 hour as shown in Table 1. 
Therefore in the following experiment, observa- 
tion was made at least 1.5 hour after the film 
was built up, unless mentioned otherwise. 


Table 1 
Time Effect of Drying on the Wettability of 
Films Built Up from Tap Water (pH 6.8) 


Time of drying 9-Y layers 19-Y layers 
after built up a — 
(hr.) 0a , 00 0, 


0 90° 117° 64° 
0.5 109 108 64 
1.5 112 114 70 
24.0 112 113 70 


b. Wettability and the Number of 
Layers.—Wettability of stearic acid film built 
up from the surface of tap water and sub- 


(4) M. Muramatsu and T. Sasaki, This Bulletin, 25, 21, 
25 (1952). 

(5) A. Inaba, Memoirs of the Faculty of Science, Kyushu 
Univ., Ser. C, 1, 1 (1948). 
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strate containing calcium ion (called Ca- 
substrate hereafter) was shown in Table 2. The 
contact angle, especially the receding contact 
angle of the film increased with increasing 
number of layers, approaching a certain value. 
It was noticed that the difference between 
advancing and receding contact angles was 
Jarger in the case of built-up film than in the 
case of the stearic acid solidified in air. (In 
the latter case, 02=110°, @,=108°.) This large 
hysteresis of wetting of the built-up film may 
come from an extremely systematic molecular 
arrangement in the film and the marked 
difference in the nature on both sides of the 
outermost monolayer resulting from it. The 
hysteresis was larger for the film which had a 
smaller number of layers. In the case of tap 
water as a substrate, 6. was large and almost 
constant, independent of the number of layers, 
while the Ca- or Ba-substrate film did not 
give such a large 0a value for the film which 
had a small number of layers. The phenomena 
may be attributed to the trace impurities like 
ferric or cupric ion in tap water. 


Tabie 2 
Wettability and the Number of Layers of Mixed 
Ca-stearate Y-film Built Up on Glass 


Substrate, tap Substrate, Ca(NO,), 
water, pH 6.8 10-‘mol. pH 6.8* 
——_—_— ———— 
6a . 6a 6,. 


107° 46° 15° 
116 47 21 
113 5% 55 14 
117 a. 32 15 
112 ‘ 10 
113 66 
12 
82 


‘ 
19 ie 115 65 
29 7 112 88 
39 113 50 


Number of 
layers 


Similar results were obtained in the case 
of Ca(NO,), 10-* mol. (pH 8.6) and BaCl, 
2x10-* mol. solutions as substrate. 


ce. Wettability and the Type of Built- 
Up Film.—X-film could not be deposited 
directly on the glass surface and could only 
be deposited on 9 or 11 Y-layers. Therefore, 
comparison was made between X-film and Y- 
film both built up on the basis of 15 Y-layers. 
The results are shown in Table 3. 

It is said that X-film has a larger receding 
contact angle than that of Y-film.©>© This 
statement is true for the comparison of Y-tilm 





January, 1953] 


from solution of pH 6~7 and X-film, which 
can only be obtained from solution of pH>9 
2s shown in Table 3. But we should rather 
insist upon the importance of pH. Namely, 
Y-film from low pIf substrate showed smaller 
6, than that of X-film from high pH substrate. 
Further, as is shown in Table 3, Y-film 
deposited from alkaline solution showed the 
same value of contact angle with that of the 
X-film occasionally deposited under the same 
conditions. It is interesting to note that there 
was no difference in contact angle between the 
odd and even number of X-layers, contrary 
to the expectation that odd layers and even 
layers might show different contact angles 
because of their different molecular arrange- 
ment in the outermost two layers.” Impor- 
tance of pH can readily be recognized when 
we consider the fact that calcium or barium 


content in the stearic acid monolayer which 


appreciably affects the wettability of stearic 
acid surface®) is chiefly determined by pH.“ 


Table 3 
Wettability of Y-film and X-film 
of Ba- or Ca-stearate 
Substrate, BaCl, 2x10-*mol., pH 6.8 (¥-film), 
pH 9.8 (X-film), 10°C 
9a 
15Y 46° 
1 Y+1X 117 
177 107 
15Y+2X 114 
15Y+3X 112 
19Y 115 
IbY+4X 117 
Substrate, Ca(NO,),. 10°-*mol., pH 6.8 (Y-film), 
pH 9.6 (¥'- and X-films), 10°C 
9a 6, 
114° 7 
118 72 


15Y 
15Y+1X 
15Y+2X 118 

15Y+3X 116 

1I5Y+4X 113 

15Y+2Y' 117 

15 Y+4Y' 112 

15Y+10Y' 114 

15Y+20Y' 114 

15Y¥+28Y' 115 

15Y+30Y' 116 82 


d. Wettability and the Nature of 
Substrate Cations.—Stearic acid films were 


(6) J. J. Bikerman, Proc. Roy. Soc. (London), A170, 
130 (1939). 

(7) E. F. Porter and J. Wyman Jr., J. Am. Chem. Soc., 
58, 1083 (1938). 

(8) I. Langmuir and V. J. Schaefer, J. Am. Chem. Soc., 


58, 284 (1936). 
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built up from redistilled water (pH 4.2~4.5), 
10~* mol. AJ-substrate (pH 5.0), 107° mol. Ba- 
substrate (pH 10.5), and 10~* mol. Hg-substraie 
(pH 8.8), on 29 Y-layers of barium stearate 
which was built up from Ba-substrate of pH 
7.0. These pH values bracketed are those of 
optimum conditions for the interaction between 
stearic acid monolayer and metallic cations 
specified.@)()»@) The author selected barium 
and aluminum, because they were typical of 
the (II) and /III) mentioned above. 
Mercuric ion was selected for the sake of its 
exceptional behavior, that it formed a non- 
wettable product with solidified stearic acid in 
spite of its co-ordination tendency,® and 
elasticity of mercuric stearate monolayer.© 
Ions classified in group (I) are known to form 


group 


no condensed monolayer with stearic acid and we 
were able to obtain no built-up film of first group 
metal stearate. A monolayer of stearic acid itself 
could not be built up directly on glass, but could 
be built up on the basis of barium stearate built- 
up film as Y-layer. Monolayer of barium 
stearate was built up as Y-layer and aluminum 
stearate as B-layer. The monolayer of alumi- 
num stearate on water showed remarkable 
elasticity® and could not be built up under 
the piston pressure of oleic acid. Therefore it 
was built up with the aid of a drop of benzene 
solution of stearic acid placed near the glass 
rod as practised by Muramatsu.) The mono- 
layer of mercuric stearate was not so elastic 
at first that it could be built up as Y-layer or 
sometimes as X-layer by Oleic acid as a piston 
oil; however, the monolayer soon became 
elastic and it could not be built up as Y-layer 
or X-layer. It could be built up as A- or 
B-layer with the pressure of benzene solution 
of stearic acid placed near the rod. The built- 
up films thus obtained were hydrophobic, but 
their wettability was affected by dipping in 
water Of pH about 6. The relation between 
wettability and dipping time are shown in Figs. 
la~4a. After withdrawing, the films were 
kept over CaCl, for about twenty hours and 
then dipped again in the water. The results of 
the second dipping are shown in Figs. 2b~ 4b. 


e. Wettability and After Treatment of 
Stearic Acid Built-up Film with Various 
Metallic Cations.—Stearic acid films built 
up from distilled water (pH 4.2~4.5) were 
treated with 10~* mol. barium salt solution (pH 
11), 10-* mol. aluminum salt. solution (pH 5.0), 
and 10-* mol. mercuric saJt solution (pH 8.8), 
and the wettability of the treated surface 
against the same solutions were observed. The 
results are shown in Figs. After 
treating, the films were kept in a desiccator 
containing CaCl, for about twenty hours and 


5a~7a. 








46 


Angle @ 


Contact 





Time, hr. 
Fig. la.—Wettability of 29 Y mixed Ba-St+ 
10 Y H-St, being treated with water of 
pH 6 and 10.6. 
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Fig. 2a.—Wettability of 209 Y mixed Ba-St+ 


10X Ba-St being treated with water of pH 6. 
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Fig. 3a.—Wettability of 29 Y mixed Ba-St+ 


1 B Al-St, being treated with water of pH 6. 
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Fig. 4a.—Wettability of 29 Y mixed Ba-St+ 
1 B Hg-St, being treated with water of pH 6. 
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again they were dipped into the water. The 
results of the second dipping are shown in 
Figs. 5b~7b. 


Discussion 


The built-up film of stearic acid was hydro- 
phobic even after immersion for ten hours 
(Fig. la). The fact is the same with the case 
of stearic acid solidified in air.) However, 
the former was detached or dissolved from the 
glass surface after prolonged dipping. The 
dissolution phenomenon was remarkable in the 
alkaline region as shown in Fig. la, which 


“ 
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Fig. 2b.—Retreatment aiter drying of sample 
of 2a with water of pH 6. 
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Fig. 5a.—Wettability of 29 Y mixed Ba-St+ 


10 Y H-St towards 10-* mol. Ba* (pH 
10.5). 
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Fig. 6a._-Wettability of 29 Y mixed Ba-St-+- 
10 Y H-St towards 10-* mo]. .\!*+*+* (pH 5). 
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Fig. 7a._-Wettability of 29 Y mixed Ba-St+ 
10 Y H-St towards 10~-* mol, Hg** (pH 8.8). 


was similar to the case of bulk surface pre- 
viously reported. A remarkably large wetting 
hysteresis hereby encountered may possibly be 
attributed to the considerable difference in the 
wetting properties on both sides of the outer- 
most oriented monolayer. 

In the case of barium stearate built-up film 
{ion of the type III), there was not such a 
detachment and the film became hydrophilic. 
This may be attributed to the orientation of 
barium stearate molecules in the surface, which 
may be not so hydrophilic and soluble as free 
acid, perhaps due to a weaker dissociation of 
barium bond. The surface of stearic acid 
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Fig. 5b.—Retreatment after drying of sample 
of 5a with water (pH 6). 
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of 6a with water (pH 6). 
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Fig. 7b.—Retreatment after drying of sample 
of 7a with water (pH 6). 


built-up film treated with barium salt solution 
is also considered to be in a similar state as 
that of barium stearate built-up film. Here, 
however, the easiness of orientation should be 
assumed. The results shown in Figs. 2a, 2b, 
5a, and 5b can be explained similarly. 
B-layer of aluminum stearate (ion of the 
type II) was hydrophobic (Fig. 8a). Its 0a 
value was large, showing a little decrease after 
prolonged treatment with water, while 0, was 
rather small and practically constant after 
an initial rapid decrease by treatment with 
water. Moreover, only one B-layer of alumi- 
num stearate on bare glass showed similar 
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properties. B-layer of aluminum stearate is 
considered to have a complex structure as 
described in the fifth report.@ 

Wolstenholme and Schulman™ obtained the 
results that a monolayer of myristic acid was 
in an expanded state on the distilled water 
containing no metallic ion except for sodium, 
while it condensed and exhibited high rigidity 
on the solution containing aluminum, cobal- 
tous, ferric ions etc. They explained their 
results under the assumption that basic metal 
ion forms a large network structure in the 
range of pH proper to that ion. Their ex- 
planation is similar to ours in that metallic 
jon and stearic acid combine in a complex 
manner and that the extended network is 
produced. But we are rather inclined to the 
non-stoichiometric composition between metal 
and acid while they assumed the 
stoichiometric one. Moreover we pointed out 
the distinct difference in nature between the 
ions of (IL) and (III) as far as the wettability 
was concerned,® while they arranged them in 
the order of ease of hydroxide formation. 

Anyway, in aluminum stearate B-layer, the 
network structure of aluminum stearate may 
prevent the overturning of molecules. There- 
fore hydrocarbon groups remain to be exposed 
in the outermost surface of the film, giving a 
large and unaffected value of @a. 

In the case of the treatment of stearic acid 
built-up film with aluminum solution, a loose 
hydrophilic network may be formed in the 
outermost surface of the built-up film, making 
the surface extremely hydrophilic. Therefore 
both 02 and 6, may be small (Fig. 6a). When 
it is, however, withdrawn from the solution, 
it may happen that stearate radicals loosely 
interlocked in the surface, overturn themselves, 
directing carboxyl groups inside, and then the 
network forms again firmly as the time elapses. 
Now the surface may be considered to have 
similar structure with that of aluminum stea- 
rate B-layer. In fact, the results of the present 
experiment can be accounted for by these 
considerations (Fig. 6b). Relating to the 
results of aluminum salt~stearic acid system, 
an interesting phenomena was also observed 
for the interaction of octadecyl amine and 
sodium alginate. In this case, amine mono- 
layer on alginate solution was so rigid that it 
was difficult to build up amine film even as 
B-layer. On the other hand, the film of free 
amine built up at pH 7.5 was remarkably 
hydrophobic even after prolonged contact with 
“water, but it became hydrophilic by treating 


stearic 


(9) G. A. Wolstenholine and J. H. Schulman, Trans. 


Faraday Soc., 46, 475 (1950). 
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it with sodium alginate solution, which finally 
dissolved amine into the solution. Similar 
experiments were conducted by Muramatsu and 
Sasaki. 

B-layer of mercuric stearate behaved simi- 
larly as that of aluminum stearate. However, 
treatment of stearic acid built-up film with 
mercuric salt solution was different from the 
corresponding case for aluminum. They rather 
had resemblance in behavior to B-layer of 
mercuric stearate treated with water. This 
may be explained as follows. The network 
formation in this case is delayed and the 
overturning of the mercuric stearate molecules 
precedes already in the solution. Mercuric 
stearate molecules thus overturned gradually 
interlock and give a surface just like B-layer 
of aluminum stearate. Thus it can be reason- 
ably understood that the film behaves similarly 
to barium initially but is essentially different 
from it as shown in Fig. 7a and 7b. The film 
also showed larger resistance against the treat- 
ment with an aluminum salt solution like 
aluminum stearate than the barium stearate 
film. 

It is noticed that the treatment of solidified 
stearic acid surface with metallic salt solutions - 
reported in the preceding paper,® gave a little 
different results from those of the stearic acid 
built-up film. The difference may be attributed 
to the difference in molecular arrangement 
between the two cases. 


Summary 


1. Wettability of mixed built-up film of 


stearic acid and barium or calcium stearate 
decreased with the number of layers, the 
advancing contact angle tending to the value 
of about 115°. The difference between Oa and 
0, of built-up film was larger than that of 
solidified surface. 

2. X-film and Y-film of barium or calcium 
stearate prepared occasionally at almost the 
same condition showed the same wettability. 
Increase of barium or calcium content in the 
film was considered to result in the wettability 
decrease. 

3. Of the three types of metallic ion clas- 
sified according to the influence on wettability 
of stearic acid, the following two were studied 
precisely. 

(a) Ions of the type III, forming relatively 
simple stoichiometric compound with stearic 
acid, the stearates being able to overturn 
themselves easily in the surface, and the 


(10) M. Muramatsu and T. Sasaki, to be published in 
@ near future. 
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wettability changing with the condition. (Ba, 
Ca) 

(b) Ions of the type I, forming a network 
of a complex structure with stearic acid, which 
overturn themselves with difficulty in the 
surface and their wettability does not change 
with the condition. 

II—1. Ions, rapidly forming network and 
render the surface hydrophilic tempolarily. 
(Al, Cu) 

II—2. Ions, slowly forming network and 
rendering the surface hydrophobic (Hg). 
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Introduction 


The kinetics of the thermal dissociation of 
urea™:-@) and carbaminic acid ester®) in fatty 
acid have already been reported. On heating, 
these compounds dissociate, respectively, to 
isocyanate and amine, and to isocyanate and 
alcohol. 


(1) T. Hoshino, T. Mukaiyama and H. Hoshino, J. Am. 
Chem. Soc., 74, 3097 (1952). 

(2) T. Hoshino, T. Muksiyama and H. Hoshino, This 
Bulletin, 25, 392 (1° 

(3) T. Hoshino, ™ 
25, 396 (1952). 


«lyama and H. Hoshino, ibid. 


oO 
H | H 
R—N—C—N—R == R—N=C=0+H,N—R 
O 
H | 


R—N—C—O—R == R—N=C=0+HO —R 


When the ester is heated in fatty acid, the 
dissociated isocyanate reacts with the solvent 
acid and forms carbaminic acid-fatty acid- 
anhydride, which easily decomposes to acylated 
amine and carbon dioxide. 

In the previous reports, it has been shown 
that the dissociation process is the rate-deter- 
mining step and the rate can be measured by 
determining the amount of carbon dioxide 
evolved during the reaction. 

In the present work, the effects of substituents 
(alkyl-groups) on the thermal dissociation of 
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carbaminic acid esters were studied. 

The dissociation of the esters may be con- 
sidered to proceed by a intramolecular proton 
transfer. On the consideration, when the rates 
of dissociation of phenyl-carbaminic acid 

K..@ 
| 
alkylesters (6— N—C—OR) are measured, the 
relative rates denote the ability of —OR groups 
as proton acceptors and when that of alkyl- 
H O 


carbaminic acid phenylester (R—N—C—O—¢) 
are measured, the relative rates denote the 
H O 
| 


ability of R—N—C— groups as_ proton 
donors. 

The addition reactions of alcohols to 
isocyanate, the reversal of the dissociation 
reaction, have been investigated kinetical- 
Ly. )+@)»(6).(7) 


H O 
| 


' 
@—N=C=—0+ R—O H—>» d—N—C—O—R 


The rates of the reaction have the following 
order. 


R= Me> Et> isuPr> tert-Bu 


In the reaction of alkyl-groups, the rate 
depends on whether the reactant is a primary, 
secondary, or tertiary alkyl-group. On the 
experimental facts, the rates of the thermal 
dissociation of phenylcarbaminic acid-methyl- 
ester, -isopropylester and -tert butylester were 
determined. The rates showed the following 
order. 


tert Bu > isoPr = Me 


The rates of the thermal dissociation of 
acetyl-, methyl- and isopropylcarbaminic acid 
phenylester were determined and they showed 
the following order. 


Acetyl > isoPr > Me 


Several fatty acids were used as the solvent 
and the effect of the solvent on the dissocia- 
tion of ester were studied. 


(4) Tenney L. Davis and James McC. Farnum, J. Am, 
Chem. Soc., 56, 883 (1934). 

(5) Baker and Holdsworth, J. Chem. Soc., 1947, 712. 

(6) John W. Baker and J. Gaunt, J. Chem. Soc., 1949 
9, 19, 24, 27. 

(7) Elizabeth Dyer, Hugh A. Taylor, Shirley J. Mason 
wnd Jan Samson, J. Am. Chem. Soc., 71. 4106 (1949). 
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Experimental Part 


A 35 ml. long-necked, round-bottomed flask was 
connected to a gas buret by means of a capillary 
tube. Halfway along the capillary tube, a 10 ml. 
bulb was inserted and this was maintained at 
0° to condense the reaction product less volatile 
than carbon dioxide. Prior to the experiment, 
carbon dioxide gas was passed through the acid 
contained in the flask for thirty minutes. By the 
treatment, carbon dioxide evolved during the 
reaction can be measured thoroughly. However 
there was found a minor difference depending upon 
whether carbon dioxide was previously absorbed 
in the solvent acid or not. Then a sealed ampoule 
containing a sarnple was inserted and the ampoule 
was broken for the reaction. The reaction vessel 
was maintained at a desired, constant temperature 
by immersion into the vapors above a suitable 
boiling liquid contained in a three-necked flask 
equipped with condenser and thermometer; the 
reaction vessel was inserted in the centre neck 
of the flask, Vapors of the following liquids were 
used as heating agent: water, xylene, anisole, 
cyclohexanole and aniline, During the course of an 
experiment the temperature remained satisfacto- 
rily constant, 

Phenylearbaminic acid methylester,“ m. p. 47°, 
recrystallized from petroleum ether. 

Phenylcarbaminic acid isopropylester,® m. p. 
86°, recrystallized from 50% ethanol-water solu- 
tion. 

Phenylearbaminic acid tert butylester,“ m. p. 
136°, recrystallized from 50% ethanol-water solu- 
tion. 

Methylearbaminic acid phenylester was pre- 
pared from methylisocyanate and phenol accord- 
ing to the procedure similar ot that described 
by R. Leuckart.“') Recrystallized from petroleum. 
ether, m. p. 83°. 

Anal. Caled for CsH,N,O.: N, 9.27 
Found N, 8.91% 

Isopropylcarbaminic acid phenylester was pre- 
pared from isopropylisocyanate and phenol by 
the same method as described in methylearba- 
minic acid phenylester, recrystallized from petro- 
leum ether, m. p. 85°. 

Anal, Calcd for CyoH),N,O2: N, 7.82 
Found N, 7.77% 

Acetylearbaminie acid phenylester,“ m. p. 
117°, recrystallized from 50% ethanol-water solu- 
tion. 

Monochloroacetic acid, isovaleric acid and 
propionic acid were distilled twice. Caproic acid 
and a@-chloro isocaproic acid were purified by 
vacuum distillation. 

The ratio of ester to fatty acid was 1 mole: 
100 moles, 

The rate constants were computed by the same 


(8) A. W. Hofmann, A., 74, 17; Ber., 3, 651. 
(9) Franz Gumpert, J. Pr., 32, 279. (1885). 
(10) E. Knoevenagel, A., 297, 148. (1897). 
(11) R. Leuckart, J. Pr., 41, 318 (1889). 

(12) Otto C. Billeter, Ber., 36, 3216 (1903). 
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method as described in the previous report.@ For 
example, the experiment gave the following result, 


calculated with the value of t=7 min. 


Table 1 


Thermal Dissociation of Phenylcarbaminic Acid 
t-Butylester in Caproic Acid at 180.5° 


Time 3 Time CO; 

— a. a. “a all 
2.5 13.3 9.5 53.9 40.6 
3.0 17.9 10.0 55.4 87.5 
8.5 22.5 10.5 «57.2 34.7 
4.0 26.7 11.0 59.0 32.3 
4.5 29.3 11.5 60.6 31.3 
5.0 $2.5 12.0 62.0 29.5 
5.5 36.0 12.5 63.2 27.2 
6.0 88.4 13.0 64.4 26.0 
6.5 41.0 18.5 65.3 24.3 
7.0 43.3 14.0 66.2 22.9 
7.5 45.9 14.5 66.9 21.0 
8.0 48.2 15.0 67.6 19.4 
8.5 50.4 15.5 68.5 18.1 
9.0 52.2 16.0 69.0 16.8 





t (min) — 


Fig. 1.—Thermal dissociation of phenylcarba- 4 
minic acid t-butylester in caproic acid-at 
180.5°. The plot of log ¥ against ¢. 


First-order kinetics with respect to ester were 
observed. The results of the rate studied are 
summarized in Table 2 and 3, 


Discussion 


On the experimental results, it can be con- 
cluded that carbaminic acid esters dissociate 


Table 2 
The Rate Constants of the Thermal Dissociation 
of Phenylcarbaminic Acid Alkylesters 
in Fatty Acids 
Rate const. Temp. P 
Ester = (min.-) | (©) atin 
-tert-butyl 1.35x10-' 180.5 caproic acid 
2.60x10-' 138.7 a@-chloroisocaproic 
acid 
monochloroacetic 
acid 
caproic acid 
e@-Chloroisocaproic 
acid 
monochloroacetic 
acid 
caproic acid 
a-chloroisocaproic 
acid 
monochloroacetic 
acid 


1.93x10-! 99.9 


2.48x10~2 
4.88x 10-—* 


181.0 
159.1 


-isopropyl 


5.87x 10-2 181.0 


1.84x 10-3 
6.90x 10-3 


181.0 
159.0 


-methy] 


3.22x10-? 181.4 


Table 3 


The Rate Constants of the Thermal Dissociation 
of Alkylcarbaminic Acid Phenylester 

in Fatty Acids 

Rate const. Temp. 


Ester (niin, —*) (0°) Solvent 
acetyl- 1.25x10-! 137.6 caproic acid 
1.51x10-' 138.9 propionic acid 
1.46x10-! 139.1 isovaleric acid 
isopropyl- 2.58x10-2 153.7 caproic acid 
2.18x10-? 158.7 a@-chloroisocaproic 
acid 
9.20x10-* 138.7 propionic acid 
3.05x10-? 153.7 isovaleric acid 
methyl- 4.74x10-* 153.7 a@-chloroisocaproic 
acid 
6.17x10-* 153.7 caproic acid 
2.86x10-* 138.3 propionic acid 
6.96x10-* 153.4 isovaleric acid 


to isocyanate and alcohol by the proton 
transfer. Whether it proceeds by a tautomeri- 
zation as described in the previous report or 
by a catalytic action of the solvent acid, the 
transition state can be considered as the state 
(a). The (a) shows a loose state of bond 
between oxygen and carbon according to the 
transferring proton from nitrogen, forming a 
new bond with oxygen. 
x 3 H :0:— 
Lid a 2 a 
[R—N—C—OR’«+—+R—N—O—OR’] 
H ’ 
== R-—N~ et) a 
\ _....0RB’ 
c 
4 
oe 


R—N=C=0 + HO—R’ 


'_—— 
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In case of phenylecarbaminic acid alkylesters, 
the relative rates are shown in the table 4. 


Table 4 


Relative Rates of the Thermal Dissociation of 

Phenylearbaminic Acid Alkylester in Fatty Acids 
Ester 

Solvent pee 7 
-methyl -isopropyl tert-butyl 
Caproic acid 1 1.3 7.3 

(at 181°) 
a@-Chloroisocaproic 1 0.7 

acid (at 159°) 
Monochloroacetic 1 

acid (at 181°) 


very large 


very large 


These results will be explained by using the 
terms chemical driving force and chemical 
inertia introduced by Evans and Polanyi.@ 
The energy of formation of the new molecule 
is to a certain extent utilized in disrupting 
the old one. In the case of phenylcarbaminic 
acid alkylesters, the chemical driving force 
necessary for the rupture of the ester linkage 
may be attributed to the formation of the 
alcohol. The chemical driving force of esters 


may be orderized as follows. 


tert-Bu> isoF ¢>Me 


By chemical inertia is meant the work that 
must be done to produce reaction. In this 
case, it is contributed to the work in breaking 
the C—O linkage and to that in overcoming 
the interference action against the transferring 
proton from nitrogen to oxygen. ‘In these 
esters, there are few differences in the former 
effect and the chemical inertia will be con- 
trolled by the latter effect. By the inductive 
effect of the alkyl- groups, it will be orderized 
as follows: 


Me>isoPr>tert-Bu 


The difference between the chemical inertia 
and the chemical driving force is the necessary 
patentialenergy of activation. By the con- 
sideration, it will be concluded that the activa- 
tion energy of esters will be in the following 
order. 


Me>isoPr>tert-Bu 


The tendency agrees with the relative rates 
of the dissociation of esters determined ex- 
perimentally. 

As the rate of reaction is dependent on the 
‘entropy of activation and the activation energy, 
the entropy term must be involved. The 

, 


(18) Reviewed by Evans and Polanyi, Trans. Farad. Soc., 
34, 11 (1938). 
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potential energy term, however, will be domi- 
native in the thermal dissociation of phenyl- 
carbaminic acid alkylesters. 

In case of alkylcarbaminic acid phenylesters, 
the relative rates are shown in Table 5. 


Table 5 
Relative Rates of the Thermal Dissociation of 
Alkylearbaminic Acid Phenylester in Fatty Acids 


Ester 
Solvent 
acetyl- 


very large 


methyl- isopropyl- 
Caproic acid 1 4.1 
(at 153°) 
Propionic acid 1 3.2 
(at 138°) 
e@-Chloroisocaproic 1 4.8 
acid (at 153°) 
Isovaleric acid 1 4.3 
at 153°) 


52.8 


very large 


By the same consideration as in the case of 
phenylearbaminic acid alkylesters, the induc- 
tive effect of alkyl-group leads to the con- 
clusion that transferring the proton from the 
nitrogen will be made more easily in methyl- 
carbaminic acid phenylester than in isopro- 
pylearbaminic acid phenylester, which shows 
that the former ester dissociates more easily 
than the latter one. The experimental results 
show, however, that isopropylearbaminic acid 
phenylester dissociates faster than methyl- 
carbaminic acid phenylester does. In the iso- 
propylearbaminic acid phenylester the con- 
sideration of the molecular models suggests 
that the isopropyl-group attached to nitrogen 
becomes closer to the hydrogen attached to 
the same nitrogen than the methyl-group in 
the methylcarbaminic acid phenylester. And 
according to the steric hindrance, the two 
hydrogen atoms repel each other. Therefore, 
the hydrogen attached to nitrogen becomes 
more active. In this case, the rate seems to 
be attributed to the steric effect of the sub- 
stituent group and this will mean that the 
entropy term may be dominative in the rate 
factors. 

Acetylearbaminic acid phenylester 

oO oO 

| H | 
(CH:.—C—N—C—O@) dissociates faster than 
isopropylcarbaminic acid phenylester does. 
In the former ester, by the resonance effect 
of the carbonylgroups of the R—C=O and 
COOd@g, the intervening nitrogen aquires a 
positive potential. Therefore, the proton at- 
tached to nitrogen has more tendency to 
transfer. The phenomenon will make the 
reaction proceed quickly. 

The thermal dissociation of carbaminic acid 
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esters depends on the nature of the solvent 
acid. In the esters, as shown in the urea 
linkage, a qualitative relationship was found 
between the rate constant and the dielectric 
constant of the solvent acid. 


Summary 


The rate constants of the thermal dissocia- 
tion of carbaminic acid esters in fatty acids 
were determined. In the case of phenylcarb- 
aminic acid alkylestees, the rates showed the 
following order. tert-Bu>isoPr=Me 
The relative rates may be considered to denote 
the ability of —OR groups as proton acceptors 
and the results of the experiment can be 
explained by the inductive effect of the sub- 
stituted alkyl-groups. 

In the case of alkylcarbaminic acid phenyl- 
esters, the rates showed the following order. 
Acety]> isoPr >Me 
The relative rates may be considered to denote 

H O 
the ability of R—N—C— groups as proton 


Walden Inversion of Amino Acids. VII. 
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donors. In acetylearbaminic acid phenylester, 
oO 


| 

because of the resonance effect of the R—C— 
and COOR groups, the intervening nitrogen 
aquires a positive potential. The phenomenon 
will make the hydrogen attached to nitrogen 
have more tendency to transfer, hence the 
reaction. That isopropylearbaminic acid 
phenylester dissociates faster than methyl- 
carbaminic acid phenylester will be explained 
by the steric effect of alkyl-groups. 

The rates of the thermal] dissociation of 
esters depend on the nature of the solvent 
acids. 


The authors are indebted to Prof. Toshio 
Hoshino for suggesting this problem and giving 


valuable advice during the course of ‘the work. 


Laboratory of Organic Chemistry, 
Tokyo Institute of Technology, Tokyo 


The Formation of 


N-p-Toluenesulfonylproline from N?-p-Toluenesulfonylornithine” 


By Nobuo IZUMIYA 


(Received June 16, 1952) 


Formation of proline by the reaction of 
ammonia on §-nitroguanidylamino-a@ -bromo- 
valeric acid prepared by the action of nitrosyl 
bromide on nitroarginine was distinctly shown 
on a paper chromatogram.@) The author has 
assumed for explanation of the phenomenon 
that the formation of N-nitroguanidylproline 
had occurred after the splitting-off of hydrogen 
bromide from @-bromine atom and §-imino 
hydrogen atom, and the subsequent hydrolysis 
of the N-nitroguanidy] group took place. By 
the amination of §-benzoylamino-a@-bromo- 
valeric acid, only N*-benzoylornithine was 
obtained, and there was no formation of N- 
benzoylproline.“) Therefore, it may be con- 
cluded that the degree of formation of a 


(1) The present paper was read at the 5th Annual 
Meeting of the Chemical Society of Japan, April 4, 1952, 
Tokyo. 

(2) N. Izumiya, unpublished. 


pyrolidinyl ring depends upon the degree to 
which the functional group combined with the 
d5-amino group activates the §-imino hydrogen 
atom. 

It is well known that the toluenesulfonyl 
group activates the imino hydrogen atom 
belonging to the same group on a compound 
which has the toluenesulfonylamino group. In 
the present paper, the formation of N-p- 
toluenesulfonylproline was practically occurred 
in the case of the reaction of ammonia and 
methylamine on [1.]-§-p-toluenesulfonylamino- 
a-bromovaleric acid, and the configurations 
of resulting N-p-toluenesulfonylprolines were 
studied comparing with the specific rotation 
of N-p-toluenesulfonyl-.- proline. The reactions 
were carried out as follows: 


(3) N. Izamiya, J. Chem. Soc. Japan, Pure Chem. Sect., 
72, 149 (1951). 












































































































































































































































































































































NHSO,.C;H, NHSO,.C-H; 
| | 





{(CH,)s (CH.)s 
—> —_—__——> 
CHNH, CHBr NH; (CH;NH.,) 
| | 
COOH (I) COOH (II) 
—NSO,0-H, NHSO.C-;H, { NHSO.C-H, | 
| | | 
(CHz)s (CHz)s (CH); 
| ae | 
—CH CHNH, | CHNHCH, | 


| | 
COOH (III) COOH (IV) | COOH (Vv) 


By the amination at 0° of [1]-8-p-toluene- 
sulfonylamino-a@-bromovaleric acid (II), N-p- 
toluenesulfonylproline (m. p. 129—132°, p:pL= 
11:89) was obtained in a good yield and N°- 
p-toluenesulfonylornithine (IV) was detected by 
paper chromatography. The amination of (II) 
at 100°, gave the compound (III) (m. p. 130— 
133°, pure pL-form) in a good yield, and the 
compound (IV) in a small quantity. The 
methylamination at 0° as well as 100° gave 
the compound (III) (oily state, p:p.=27—31: 
73—69), and N®-p-toluenesulfonyl-N*-methyl- 
ornithine (V) which was detectable only by 
paper chromatography. In order to confirm 
the configurational ratios of the compounds 
(III), these were hydrolysed with hydrobromic 
acid, prolines isolated through rhodanilate, and 
their specific rotations measured. 

Kapfhammer and Eck reported the syn- 
thesis of N-p-toluenesulfonyl-t-proline (VI) 
melting at 130—1383°, and that it was easily 
crystallized, while McChesney, however, 
reported that the substance (VI) could not be 
crystallized. The specific rotation of (VI) was 
not given by either of them. In order to find 
the specific rotation of it, the present author 
synthesized (VI) in the usual way, and it was 
not easily crystallizable. After various trials, 
however, (VI) melting at 41—48° was crystal- 
lized, while N-p-toluenesulfonyl-pu- proline was 
easily obtained crystalline and melted at 134°. 
Hence, Kapfhammer and Eck must have 
synthesized N-p-toluenesulfonyl-pi- proline in- 
stead of N-p-toluenesulfonyl-t- proline. 

The author had supposed that there was 
some difference in the mechanism of reaction 
between amination or methylamination on §- 
p-toluenesulfonylamino-a@-bromovaleric acid 
(II) and that on §-benzoylamino-a@-bromo- 
valeric acid (VII). So that, the splitting-off 
velocity of bromine ion was measured under 
Narious conditions, but no difference in the 
velocity was observed between (II) and (VII). 


(4) J. Kapfhammer and E. Eck, Z. physiol. Chem., 
» 170, 294 (1927). 
(6) E. W. McChesney, J. Am. Chem, Soc., $9, 1116 (1937). 
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Experimental 


N-p-Toluenesulfonyl-p1-proline.—p1-Proline 
(0.01 mol.), p-toluenesulfonyl chloride; (0.014 mol.) 
and 2x-sodium hydroxide (0.03 mol.) were made 
to react in the usual way. The solution was 
acidified with hydrochloric acid, and the oily 
substance formed was crystallized immediately 
(m, p. 130—133°). This was recrystallized twice 
from 40% alcohol. m,. p. 134°, rhombic plates. 
Found: N, 5.10% ; neut. equiv., 273. Caled. for 
Cy2H;y;0,NS: N, 5.19%; neut. equiv., 270.3. 


N-p-Toluenesulfonyl-,-proline.—1- Proline (0.01 
mol), having [@]i?=—84.6° (c=2.55, water), p- 
toluenesulfonyl chloride (0.01 mol., recrystallized 
twice from _acetone-water) and 2x-sodium hydro- 
kide, 702 mol.) were made to react. The oil 
produced by the addition of hydrochloric acid 
was extracted with chloroform. The chloroform 
solution was washed with water, and reextracted 
with aqueous sodium bicarbonate, It was acidified 
with hydrochloric acid, and the resulting oil was 
allowed to stand in an ice box for 1 to 2 days, 
and crystallized in needles (m.p. 39—42°). The 
extraction with chloroform and sodium bicarbo- 
nate and the addition of hydrochloric acid were 
repeated. m. p. 41—43° (reported m. p. 130— 
133°, oily state), [a]i¥=—158.5° (c=2.21, 2 
equivs. of NaOH) and [a}if=—92.5° (c=1.78, 
alcohol). Found: N, 5.14%; neut. equiv., 276. 
Caled: N, 5.19%; neut. equiv., 270.3. 

Né-p-Toluenesulfonyl-1-ornithine(1).—This was 
prepared by applying Kurtz’s procedure“ from 
L-ornithine monohydrochloride. m. p. 236—238° 
(decomp.) (reported m. p. 210—215°™), [a]}= 
+14.9° (c=2.23, 2 equivs. of HCl) and [a]§= 
+23.4° (¢=1.85, 3N-HCl). The regenerate copper 
complex melted at 240—242° with decomposition. 
Found: N, 8.71%. Caled. for (Cy2Hy;N20,8),Cu: 
N, 8.83%. 

[1]-6-p-Toluenesulfonylamino-a - bromovaleric 
acid (11).—(I) (0.01 mol) and potassium bromide 
(0.035 mol) were dissolved in 2.5N-sulfuric acid 
(0.052 mol). To the mixture was added sodium 
nitrite (0.016 mol) in portions during 1 hour with 
stirring at ice cooling, and the stirring was 
continued thereafter for 2 hours at room tem- 
perature. The resu!ting pale yellow oil was washed 
with water by decantation until bromine ion 
became undetectable. It was then dried in a 
vacuum desiccator. The yield was 5%. [a]jj= 
—35.2° (¢=3.05, alcohol). Found: N, 4.14%. 
Caled. for CyzH,gNO,SBr: N, 4.00%. Though the 
dried substance and the alcoholic solution were 
allowed to stand at room temperature (LO—20°) 
for 2 weeks, there was no change in their specific 
rotation. 


Amination of (11) at 100°.—(I]) (8.50 g.) was 


(6) D. Hamer and J. P. Greenstein, J. Bio/. Chem., 193, 
81 (1951). 

(7) +E. Fischer and W. Lipschitz, Ber., 48, 360 (1915). 

(8) A. C. Kurtz, J. Biol. Chem., 180, 1253 (1949). 

(9) H.N. Christensen, J. Biol. Chem., 160, 75 (1945). 
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dissolved in 30 cc. of 24% ammonia and heated 
in a sealed tube at 100° for 20 minutes. The 
solution was evaporated to dryness under reduced 
pressure, and the residue was collected by the aid 
of water, washing it several times with water 
(the filtrate and washings were to be used in the 
next step). It crystallized out in small rectangular 
plates from hydrochloric acid and ammonia, and 
there was obtained 0.17 g. (yield 6%). This was 
Né-p-toluenesulfonyl-p1.-ornithine, and had m, p. 
229-232° (decomp.) and no rotation. Found: N, 
9.85%. Caled. for CygHgN,0,8: N, 9.79%. Its 
copper complex had m.p, 244—246° (decomp.). 
Found: N, 8.68%, Caled.: N, 8.83%, The filtrate 
and washings combined were acidified with 
hydrochloric acid, and the oil formed solidified 
immediately. This was recrystallized once from 
40% alcohol, and obtained 1.95 g. (yield 72%). 
This was N-p-toluenesulfonyl-p1-proline (IID), 
and had m. p. 131—133° and no rotation. Found: 
neut. equiv., 277. Caled. : neut. equiv., 270.3. (IID 
(0.01 mol) was refluxed with 48% hydrobromic 
acid (30 cc.) for 2 hours. The solution was 
evaporated under reduced pressure, and the con- 
centration was repeated with the addition of 
water. The residue was dissolved in water (30 cc.). 
To the solution was added ammonium rhodanilate 
(0.008 mol) dissolved in methylaleohol (55 cc,). 
pL-Proline rhodanilate was obtained 72% yield, 
and had m.p. 130—133°. p1i-Proline was isolated 
from rhodanilate by Bergmann’s method,“ and 
had m.p. 202—204° (decomp.) (reported m. p. 
203—204°() , 


Amination of (Il) at 0°.—(II) was dissolved in 
ammonia in the manner described above and 
kept at 0° for 10 days. N-p-Toluenesulfonyl- 
proline (III) was obtained in 69% yield, having 
m. p, 129—132° and [a]i§=+17.4° (¢=2.12, 2 
equivs. of NaOH). Found: neut. equiv., 279. Caled.: 
neut. equiv., 270.3. It was shown that (III) are 
composed of approximately 11% p-form and 
89% pi-form. In another experiment, (III) had 
{a]j§= +15.5° (c=1.98, 2 equivs. of NaOH). 
From the filtrate of the compound (III), N‘-p- 
toluenesulfonylornithine was detected by a paper 
chromatography, though its isolation was unsac- 
cessful, Proline was isolated from (III) ([a]i?= 
+17.4°) in the manner described above, and had 
[a] =+8.4° (c=1.88, water). 


Methylamination of (11) at 100°.—(I]) (0.01 
mol) was dissolved in 35cc. of aqueous methyl- 
amine (33%) and heated at 100° for 10 minutes. 
The solution was concentrated under reduced 
pressure, and the residue was dissolved in water, 
and acidified with hydrochloric acid. The oily 
N-p-toluenesulfonylproline (III) formed could not 
be solidified even when it had been allowed to 
stand in an ice-box for several weeks. This was 
washed with water by decantation, and dried in 
a vacuum desiccator. The yield was 77%. It had 
{a}}?=+42.6° (c=2.02, 2 equivs. of NaOH), 


(10) M. Bergmann, J. Biol. Chem., 110, 471 (1935). 
(11) N. F. Albertson and J. L. Filiman, J. Am. Chem. 
Soc., 71, 2818 (1949). 
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showing it to be a mixture of 27% p-form and 
73% pvui-form. Found: neut. equiv., 283. Calced.: 
neut. equiv., 270.8. Proline isolated had [e}i$= 
+21.6° {e=1.85, water). N-p-Toluenesulfonyl-N@- 
methylornithine (V) has never been synthesized, 
so that its Rf value on paper chromatogram is 
unknown. The mother liquid obtained by 
decantation was tested by paper chromato- 
graphy, and it showed only one spot of ninhydrine 
reaction. The Rf values of this spot and Né-p- 
toluenesulfonylornithine in various solvents were 
compared with Rf values of Né-benzoylornithine 
and N‘-benzoyl-N®*-methylornithine. From the 
observed regularity, the substance showing a spot 
of ninhydrine reaction was considered to be the 
compound (V) which could not be isolated. Rf 
values are shown in Table 1. The composition 
of each solvent was the same as in Part VI of 
this Series.“ 


Table 1 


Rf values 
Solvent 


Amino acid Collidine Acetic Acid 


Phenol 


re 
Butanol 


Lutidine 

Né-p-T, s.-1.- 

ornithine Jj ae 0.71 
N5-p-T, s.-No- 

methylornithine 0. 
N5-Benz,-1- 

ornithine 0.94 
N5-Benz.-pL-N¢- 

methylornithine 0.98 


0.77 0.74 
0.63 0. 


0.67 0.7: 


Methylamination of (11) at 0°.—(I]) was kept 
at 0° for 4 days. The oily N-p-ioluenesulfony]- 
proline had [ajj$=+48.3° (c=2.08, 2 equivs. of 
NaOH), showing it to be a mixture of 31% p- 
form and 69% pi-form. The yield was 81%. 
found: neut. equiv., 285. Calcd.: neut. equiv., 
270.3. Proline isolated had [a]j?=+24-7° (c= 
1.91, water). 


Splitting-off Velocity of Bromine lon from 


Table 1 
Splitting-off % of Br Ion at 0° 
Compound (II) Compound (VII 
I, —_—_—_—- -_—_——_— 
NH, CH,NH, NH, CH,NH, 
37.0 36.8 
50.5 2.3 §1.1 
70.1 71.: 
1 " 91.5 11.7 90.5 
20 23. 98.3 23.3 98.6 
40 5D. 98.€ 46.1 98. 
100 a 78.8 
200 6 95.5 
300 8 99.1 


Hours 


(12) N. Izumiys and A. Nagematsu, This Bulletin, 25, 
265 (1952). 
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Table 2 


Splitting-off % of Br Ion at 100° 
Compound (II) Compound, (VID) 


Minutes el —————_. 
NH, CH,NH, NH, CH,NH, 

0.25 78.0 81.4 
0.5 60.5 93.3 64.0 91.8 
] 81.6 99.1 80.9 100.0 
2 92.8 100.1 93.2 99.8 
4 98.6 99.9 98.9 100.2 
6 99.5 99.7 

10 100.2 99.9 


e«-Bromo Acids.—[1]-é-p-Toluenesulfonylamino- 
a-bromovyaleric acid (II) and (1]-d-benzoylamino- 
a-bromoyaleric acid (VID“ were used as a- 
bromo acids, 0.001 mol. of (II) or (VID was dis- 
solved in 2.72 cc. of 28% ammonia (0.04 mol.) or 
in 3.77 cc. of 33% methylamine (0.04 mol.). At 
adequate intervals at 0° or 100°, to 0.2 cc. of 
the reaction mixture was added 2cc. of 0.05Nx- 
silver nitrate (its solvent was 7x-nitric acid), 
and lcc. of the filtrate was titrated with 0.05 x- 
thiocyanate solution. The results are shown in 
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Tables 1 and 2. 


Summary 


(i) Kapfhammer and Eck’s report touching 
the synthesis of N-p-toluenesulfonyl-1- proline 
was corrected. 

(ii) N-p-Toluenesulfonylproline was resulted 
by the amination and methylamination of 
|L]-§-p-toluenesulfonylamino- @ - bromovaleric 
acid. In this case, racemization took place in 
consequence of amination at 100°, and partial 
Walden inversions were caused by amination 
at O° and methylamination at 0° and 100°. 


This work was carried out partly with a 
grant from the Scientific Research Funds of 
the Ministry of Education. The author wishes 
to thank Prof. Dr. R. Hirohata for his guid- 
ance in carrying out this work, and also Mr. 
S. Saeki for his microanalysis of the substances- 


Department of Medical Chemistry, Faculty of 
Medicine, Kyushu University, Fuknoka 


On the Mechanism of the Reduction Process of the Hydrogen Ion 
at the Dropping Mercury Electrode. III. Experimental Part 
—The Half-wave Potential, Log-plot Analysis and 
the Reversibility of the Wave 


By Reita TAMAMUSHI® 


(Received June 17, 1952) 


While the properties of the limiting current 
of the hydrogen wave have been discussed in 
Part II of the present study,@) the experimental 
results and the discussion on the half-wave 
potential of the hydrogen wave, the reversibility 
of the reduction process of the hydrogen ion 
and the other properties of the wave are 
presented in this paper. 


Experiments 


Apparatus.—Most of the measurements con- 
cerning the electrode potential were carried out 
by the manually operated polarograph,® with 
‘which the electrode potential of the dropping 
mercury electrode (D.M.E.) referred to a certain 


(1) Present address: Chemistry Department, Faculty 
of Science, Ochanomizu Women’s University, Tokyo. 
(2) R. Tamamushi, This Bulletin 25, 293 (1952). 


reference electrode can be directly measured 
without any Correction of the iR-drop. 

To study the reversibility of the electrode 
reaction by Kalousek’s methods,™ a photo-recor- 
ding polarograph with the special circuit for 
this method was used. By this apparatus all 
methods presented by Kalousek can be carried 
out with a simple operation, the details of which 
are omitted in the present paper. 

he assembly of the electrode and the polaro- 
graphic cell and the materials used were quite 
the same as described in Part II of the present 
study. 

The system of the dil. HCl in 0.1 x KCl 
solution was used throughout the following expe- 
riments, because, as shown in Part II, we can 
obtain a typical polarogram of the hydrogen ion 
in this system. 


(3) M. Kalousek, Collection Czechosiov. Chem. Communs., 
13, 105 (1948). 


Ji 
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Experimental Results 


On the Half-wave Potential and 
the Log-plot 


The Log-plot Analysis of the Reduction 
Wave—the log-plot, i.e. the relation between 
log I/(I,—I) and the electrode potential, V, is 
widely used to analyse the form of the current- 
voltage curve, where I is the current flowing 
at V and I, the limiting current. In the 
reduction wave of the hydrogen ion in 0.1 N 
KCl solution, this relation is not linear and 
an apparent deviation from a straight line 
appeared at the more negative potential region 
than the half-wave poteneial as shown in 


Fig. 1. It must be noted that this deviation 
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Fig. 1—Polarogram of the hydrogen ion of 
dil, HC} in 0.1 n KCl solution and the 
log-plot analysis of the wave. [(Cyz*]°=0.78 
millimole/]. 
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Fig. 2.—Polarogram of the hydrogen ion of 


dil. HCl in 0.1 ~w KCl solution and the 
log-plot analysis of the wave. [Ca*]°=0,137 
millimole/1. 


is not clear when the concentration of the 
hydrogen ion is less than about 0.5 millimole/1. 
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it is not clear whether 
log-plot of the lower 
concentration of the hydrogen ion is an 
essential phenomenon or only due to the 
inaccuracy of the measurement. 

The Relation between the Half-wave 
Potential and the Concentration of the 
Hydrogen Ion.—It was found out by the 
experiment carried out in 0.1 N KCl-dil. HCl 
system that the half-wave potential, Vi/2, of 
the hydrogen wave changes with the change 
of the concentration of the hydrogen ion in 
the bulk of the solution, [Cwz.]°, or I, over 
the concentration range of 0.039 to 1.95 
millimole/l As [Ca,]° or I, became larger, 
Vi/2 shifted to be more negative. The experi- 
mental results are shown in Table 1 and Fig. 
3. From these data we can obtain the following 


(Fig. 2). At present, 
this tendency in the 
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Fig. 3.—The relation between V;/2 and log /). 


relation between V,/, and I, by the least 
square method: 
V1/2= —1.687 —0.022 log I, (1) 


in which J; is represented in amp. and V;/2 
in volt. 

The Effect of the Temperature on V, ». 
—The value of V1/. became more positive as 
the temperature, 7, of the cell-solution rose 
over the temperature range of 0 to 50° as 
shown in Table 2 and Fig. 4. From these 
data the absolute temperature coefficient of 


Va, volt vs, NCE, 





t, °O./ 


Fig. 4.—The effect of temperature on V4/z. 
(Ca+}=0,78 millimole/l. 








Vix, 4V1/2/ 47, was obtained to be about 0.003 
volt per degree. 


The Application of the Kalousek’s 
Methods 


In order to examine the reversibility of the 
electrode process of the hydrogen ion discharge 
at the D. M.E., the Kalousek’s methods—K-I, 
K-II and K-IJ]I—were applied to the solution 
of 0.52 millimole/l. HCl in 0.1 x KC! solution, 
the results of which are illustrated in Figs. 5, 
6,7 and 8. The polarograms of the reduction 
of Pb** ion in the medinm of KOH solution 
are also presented in these figures as the 
typical examples of the application of the 
Kalousek’s methods to a reversible electrode 
reaction. 

It is said that no oxidation current due to 
the oxidation process of the reduction product 
of the hydrogen ion at the D.M.E. ever 
appears in any cases. On the other hand, 
the apparent oxidation currents appear in the 
case of the reduction of Pb*~ ion in KOH 
solution. 


Discussion 


It is shown in Figs. §~S that no oxidation 
current appeared when the Kalousek’s methods 
were applied to the reduction process of the 
hydrogen ion at the D.M.E. These results 
exclude the possibility of the existence of any 
electrochemically active hydrogen species at 
the surface of the electrode. If the reduction 
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Fig. 5.—Polarograms of Pb?* ion and H* ion: 
a, Pb?*+ ion in KOH solution; b, 9.52 mil- 
limole HC]—0.1 n KCl. 





‘ Fig. 6.—Application of the Kalousek’s method 
K-I: a, Pb?* ion in KOH solution, 4V = 
300 mV.; b, 0.52 millimole HCI—0.1~ KCl, 
4V=100 mV.; c, the same solution as b, 
4V =300 mV. 
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Fig. 7.—Application of the Kalousek’s method 
K-II: a, Pb?* ion in KOH solution, Voa,,. 
= —0.8 volt; b, 0.52 millimole HC]—0.1N 
KCl, Vaur-= —1.9 volts. 
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Fig. 8.—Application of the Kalousek’s method 
K-III: a, Pb?* ion in KOH solution, Va... 
=0; b, 0.52 millimole HC1—0.1 x KCl, Vane 
= —0.6 volt. 


product can be easily oxidized at the potential 
region of the reduction wave and does not 
escape from the electrode surface instanta- 
neously, the oxidation current should appear 
as in the case of Pb** ion, when the Kalousek’s 
methods are applied. Under this circumstance, 
it is impossible to assume the reduction 
mechanism in which the redox process between 
H* and H is kept in a rapid equilibrium and 
the recombination process is the slowest step. 
It seems possible to conclude that probably the 
current-voltage curve of the hydrogen ion 
obtained in 0.1N KCl solution at the D. M.E. 
is a kind of the activation-controlled type. 

This conclusion is also confirmed by the 
relatively large temperature coefficient of the 
half-wave potential, namely about 0.003 volt 
per degree, because the temperature coefficient 
of V1/. expected from the diffusion-controlled 
type is much smaller than the value mentioned 
above.) 

In this paper, the activation-controlled type 
means the process in which the rate constant 
of the forward reaction of the redox process 
is much smaller than that of the diffusion 
process at the potential region, where the 
forward rate is nearly equal to the reverse 
one, and the reverse rate of the redox reaction 
is negligibly small at the electrode potential 
where the reduction wave appears. On the 
other hand, we define the process as the 
diffusion-controlled type when the rate constant 


(4) I. M. Kolthoff and J. J. Lingane, « Polarography ”’,. 
Interscience Pub. Inc., New York, N. Y., 1946, p. 153. 
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of the forward or the reverse reaction of the 
redox process is much larger than that of the 
diffusion at the electrode potential where the 
forward rate is nearly equal to the reverse one. 
As for the details about these points, the 
previous papers should be referred. 

Now, let us consider the relation between 
the half-wave potential and the limiting cur- 
rent of the hydrogen ion. It was found out 
that Vi/. tends to be more negative as the 
limiting current increases as shown by Eg. (1). 
This result does not agree with those of the 
previous authors, i.e., J. Tomes) reported 
that the half-wave potential of the hydrogen 
ion of the diluted solution of HCI in 1N LiCl 
or CaCl, solution becomes to be more positive 
with the increase of the diffusion current, Iq, 
according to the relation J1’,,./4 log Ig=0.028 
volt, and, quite recently, it was mentioned 
by J. Kita™ that the half-wave potential of 
the hydrogen ion in the system, HCl or H,SO, 
in 0.1N solution of the supporting electrolyte 
(KCl, KBr, K,SO, and BaCl.), is independent 
of the concentration of the acid. 

Furthermore, as for the log-plot of the 
current-voltage curve Kita stated that this 
relation is a straight line whose tangent is 
nearly equal to 2RT/F, while the present 
author observed the apparent deviation from 
a straight line, as shown in Fig. 1 over a 
certain range of the concentration of the 
hydrogen ion. It must be noted that, although 
the results on the relation between Vi/2. and 
I, obtained by J. Tomes and by the present 
author are in considerable contradiction, the 
same deviation in the log-plot analysis as 
mentioned above was also observed by Tomes, 
because he found experimentally the following 
relation: 


(Viy4—Vi1 2) —V1/2—V3/4) = +0.006 volt 


in which V,/, and V3/, represent the electrode 
potentials where I[=1/4 I, and [=3/4 Ig, 
respectively. J. Kita attributed this discrepancy 
between his results and those of J. Tomes to 
the possibility of the existence of the maximum 
of the second kind in 1N solution of the 
supporting electrolyte. At any rate, further 
investigations on the current-voltage curve of 
the hydrogen ion in the solution of various 
supporting electrolytes are necessary to make 
clear these points. 


(5) N. Tanaka and R. Tamamushi, This Bulletin, 22, 
187 (1949); R. Tamamushi and N. Tanaka, ibid., 22, 227 
(1949). 

(6) J. Tomes, Collection Czechosiov. Chem. Communs., 9, 
150 (1987). 

@ J. Kuta, Proc, I. International Polarographic Congress 
in Prague, Part I, p. 852 (1951). 
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When we consider the results mentioned 
above, it seems possible to assume the following 
probable mechanism for the deposition pro- 
cess Of the hydrogen ion of the dil. HCl in 
0.1N KCI solution, at the D.M.E.: 


*(surface)—=— H* (adsorbed), adsorption 
* (adsorbed) =—H(surface), oxidation- 


reduction 


This means that only the hydrogen ion 
adsorbed on the electrode surface can be 
neutralized at the electrode and that the 
produced hydrogen atom will disappear from 
the electrode surface by a certain process, e. g., 
the recombination process giving the hydrogen 
molecule. It is assumed that there exists an 
adsorption equilibrium of the Freundlich ad- 
sorption isotherm type between H®* (surface) 
and H* (adsorbed) and that the reduction- 
oxidation process proceeds under the condition 
of the activation-controlled type. As in the 
preceding paper (Part I),® let us call this 
mechanism the “slow discharge mechanism of 
the adsorbed hydrogen ion.” If we consider 
that the whole process is kept in a dynamic 
equilibrium, the equations for the current- 
voltage curve and for the half-wave potential 
can be represented as follows, according to 
the derivation carried out in Part I: 

V =const. - = ) a if ( 1) 
ak . 


(2) 


RT AF. 


a’P ne +log ¥ +log e 


const. = 


+log +log F—» log(FK’»* )) (2’) 


T.=F R’'a* (Aa }°=PKua*(Ca*}° (8) 
and 
RT 


a’F ‘y—1)logI, (4) 


Vi/.=const’.-- 


const’. = (— Fi +) k 
st’ = yetnee 
a'F ar Og Y-rl0g ¢ 


+log 


bT 
t+log F—» log(F K’u*)—(y— 1)log2)) 


h 
(4’) 


in which Kx* and K’y”* are the constants 
concerning the diffusion process of the hy- 
drogen ion, [Aw*]° the activity of the hydrogen 
ion in the bulk of the solution, F the Faraday 
constant, and s a proportional constant which 


(8) RB. Tamamushi, This Bulletin, 25, 287 (1952). 
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can be represented as follows as an approxi- 
mation™ : 
sq- 1073 (5) 
the thickness of the reaction layer at 
the electrode surface in cm. 
the surface area of the 
mercury electrode in cm’. 
a’ is also a proportional constant concerning 
the distribution of the electrode potential at 
the vicinity of the electrode surface. The 
terms y and ¥ are constants in the equation 
for the adsorption equilibrium between H* 
and Ha’, 


VaF 
[Aua*|=71Au" Pexp( — RT ) 


dropping 


where [Ana*] and [Au*| mean the equilibrium 
activities of the hydrogen ion adsorbed on 
the electrode and at the electrode surface 
(solution side), respectively, and Va is the 
electrical potential difference between the ad- 
sorbed state and the solution side. 

As vy is generally less than unity, it is quite 
obvious from Eq. (4) that the half-wave 
potential shifts to more negative potential as 
the limiting current increases and this is in 
accordance with the experimental results ob- 
tained by the present author. Moreover, the 
same tendency in the log-plot analysis of the 
current-voltage curve, which showed a deviation 
from a straight line, can be expected from 
Eq. (2). 

The values of the constants, @’ and y, can 
be obtained from the experimental data on 
the current-voltage curve by the following 
method: Eq. (2) is rewritten as follows: 


V =ajpt+a,A+a,B 


RT T RT 
= log 


4== g -~ —log(I,—I) 
my BF F 


» Aj=const 


The values of a and a, are obtained by the 
application of the least square method. It is 
natural that these values change with the 
change of the unit of the current as well as 
the change of the value of the reference 
electrode to which the electrode potential is 
referred, if the least square method is applied 
to Eq. (6). To avoid this effect due to the 
change of the unit, the least square method 


(9) R. Brdick» and K. Wiesner, Collection Czechoslov. 
Chem. Communs., 12, 138 (1947). 
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was applied to the following equation instead 
of Eq. (6): 


4IVi=0,4A,+a,4B; 
AVi=—Vi+i—(—Vi) 
JSA:=At.1—At 
4Bi=Bi.1—Bi 


From the normal equations of Eq. (7), the 
next relations are derived: 


a, (4Aj)* +425 (4IA:4Bi)—S(4Vi4 Ai) =0 


é 


a5 (IA:SBi) +025 (IBi)* -—S(4ViIB:) =0 
2 t ‘ 
from which we can easily calculate a’ and v. 
Let us consider the meaning of the constant 
term, a, in Eq. (6) more closely. As shown 
in Eq. (2’), this constant term involves the 
free energy of activation of the forward process 
of the redox reaction, JF;, and the constant 
y of the equation of the adsorption equilibrium. 
According to the theoretical derivation of the 
Freundlich adsorption isotherm,® y and vy 
can be represented as follows: 


ii . 
y=exp (J +; 1) (8) 


(9) 


where 7 is a constant in the equation of state 
for the adsorbed layer, namely, FA=iRT, in 
which F is the surface pressure and A the 
surface area. /’(7') is a function of the tem- 
perature and can be considered to be equal to 
the free energy of adsorption, —JF, (Fig. 1 


1 
.~—1 against 


in Part I). If we ignore the term 
b 


J’'(T)/RT, Eq. (8) is reduced to 
 =exp (—4F,/RT) (8’) 


From Eps. (2') and (8’) the following equa- 
tion for the constant, a, is obtained: 


4F vykRT 
Q’F a’F a'’F 


: RT 
= — log(FK’x )+-,—log F 
RT RT kT 
5+ —— 0 
t rps 8 : aps h (10) 
AF=4F,+4Fa 
o 
where JF is the difference of the free energy 


(10) B. Tamamushi, This Bulletin, 9, 363 (1934). 
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between the activated state of the redox pro- 
cess, H* (adsorbed) H(surface), and the solu- 
tion side, S, in Fig. 1 of Part I, and can be 
considered as the free energy of activation of 
the overall discharge process of the hydrogen 
ion, H*(solution)—»>H(surface). If we assume 
that FK’x* is nearly equal to FKu~*, the terms 
a’, v and FRK'x”* in Eq. (10) can be obtained 
from the experimental data. The constant, s, 
which is represented by Eq. (5), is also cal- 
culated from the experimental results by using 
the following expression for the mean surfac 
area of the dropping mercury electrode: 
I=; xX 0.85 x me? (em.? (11 

in which m is the weight of mercury in gram 
flowing from the capillary per second and ¢ 
the drop-time of one drop in second. In the 
present calculation the thickness of the reaction 
layer at the electrode surface, uy, is assumed 
to be approximately equal to 10-7 cm. accord- 
ing to R. Brdicka.™) When we use these values 


-_ 
and kT/h=6 x10", JF can be calculated from 
the constant, a, obtained from Eq. (6). In 
this case, the current is expressed in amperes 
and the value of the electrode potential 
referred to a normal calomel electrode is 
employed. 


The numerical values of a@’, » and JF 
obtained from each current-voltage curve are 
shown in Tables 1 and 2. The values of a’ 
are in the range of 0.4 to 0.6, however, those 
of vy diverge over the range of 0.4 to 1.0. 
When we consider that » is the exponent in 
the equation for the adsorption equilibrium 
and may be influenced by a slight change of 
the condition of the electrode surface and the 
solution, these diverging values of » seem to 
be rather reasonable. The fairly good con- 


stancy of the values of JF, which were 
obtained under the various conditions, can be 
considered as one of the experimental results 
which prove the correctness of the present 
discussion on the discharge process of the 
hydrogen ion. 


The value of JF can be also determined by 
the relation between V;/, and logI, according 
to Eqs. (4) and (4’). If we assume the value 
of either one of @’ and »y, the other is auto- 
matically determined, because the relation, 
(v—1)/a’, can be obtained from Eq. (4). 
According to Eq. (1) we get the following 
yelation between a@’ and v: 


y—1 


a = —().37 
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If we assume that a@’ is nearly equal to 0.5, 


the value of JF is calculated to be equal to 
about 29.8 kcal./mol. by this method, which 
is in good agreement with the values mentioned 
in Tables 1 and 2. 
Table 1 
The Effect of the Concentration of the Hydrogen 
Ion on the Reduction Wave 
(Cut), qi, 
milli- micro- 
mole/l, amp. 
0.136 


0.039 
0.078 .390 
0.137 0.738 
0.195 1.04 
4 1.22 
1.07 
0.390 2.31 
a 2.32 
0.585 -60 
0.780 -79 
a 66 
, -76 
3.03 
1.37 3.24 
” 8.10 
1.9% 11.4 
y 11.8 
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Vi/a, volt - 
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-540 


0.59 
0.66 
0.49 
0.52 
0.46 
0.42 
0.53 
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Table 2 
he Effect of Temperature on the Reduction 
Wave of the Hydrogen Ion 

Temp. I, 
t, °C. microamp, vs., NCE 

(Cu*}° =0.78 millimole/1. 

2.2 3.50 —1.636 
10.2 -18 1.589 0.50 
11.3 -24 1.598 0.57 
14. 37 1.605 0.48 
21. -83 1.585 0.58 
24. -05 1.561 0. 
$1. -33 1.544 

36. -43 1.533 

41. . 64 1.527 
5.84 1.498 

1.95 millimole/1. 
8.56 1.638 0. 
11.2 1.591 0.49 -75 = =629..8 
12.0 1.567. 0.47 0.52 30.1 

.83(2) 1.550?) 0.45 (2) 0.61 (?) 29.1 (2) 
13.4(?) 1.530 (2) 0.64 (?) 0.77 (?) 35.3 (?) 
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At the end of this discussion a brief con- 
sideration about the effect of the height of the 
mercury reservior, p, On the half-wave poten- 
tial, Vi/., is set down. In 1937, J. Novak@D 


(11) J. Novak, Collection Czechoslov. Chem. Communs., 9, 
207 (1937). 
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reported that the double increase of p causes 
a shift of Vi, to a more negative potential 
by 13 millivolts, while quite recently J. Kuta™ 
found that this shift is equal to 18 millivolts. 
This change of V,/. with the change of p can 
be expected from Eqs. (4) and (4’). In these 
equations the terms, logI, and log (FK’x”), 
which are approximately equal to log(/FKu™), 
are the functions of p. The term, logs, is 
independent of p, because it is proportional to 
m*/5¢2/5 which is independent of p. As pointed 
out in Part II of this work,®) the limiting 
current of the hydrogen ion in the present 
case is equal to the diffusion current, I, and, 
according to the Ilkovic equation, it is repre- 
sented by the relation: 
Ia=FRat[Ca*)° =Kp?[Ca*]° (12) 

where K means a constant independent of p. 
Ji the revised Ilkovic equation®?) is used 
instead of the Ilkovic equation, an additive 
constant term independeut of p appears in 
Eq. (12), but we can ignore this constant term 
as an approximation in the present discussion. 
By means of these relations, the following 
relation between V4/2 and p can be derived: 


v 


V 1/2=sconst.(p) —, log p (13) 


2a'F 
in which const.(p) is a constant independent 
of p. As @’ is generally equal to 0.4—0.6, it 
is said from Eq. (13) that V1/. shifts to more 
negative potential by about 18 millivolts with 
the double increase of p in accordance with 
Kuta’s experemental results. In this discussion 
it is assumed that a@’ and y are independent 
of p. 

As described above it is obvious that all the 
result on the current-voltage curve of the 
hydrogen ion, which was obtained in the 
present experiment, can be satisfactorily inter- 
preted by assuming the neutralization of the 
adsorbed hydrogen ion under the condition of 
the activation-controlled process. Under these 
circumstances it can be concluded that the 
discharge process of the hydrogen ion of the 


(12) J.J. Lingane and B. A. Loveridge, J. Am. Chem. 
Soc., 72, 438 (1950); H. Strehlov and M. v. Stackelberg, Z. 
Elektrochem., 54, 51 (1950); 'T. Kambara, M. Suzuki and I. 
Tachi, This Bulletin, 23, 219 (1950); T. Kambara and I. 
Tachi, ibid., 23, 225 (195). 
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dilute hydrochloric acid in 0.1N KCl solution 
may proceed according to the “slow discharge 
mechanism of the adsorbed hydrogen ion.” 


Summary 


Various properties of the current-voltage 
curve of the reduction wave of the hydrogen 
ion were studied in the system of the dil. HCl 
in 0.1» KCl solution. 

It was found out that the log-plot of the 
reduction wave is not linear and that the 
half-wave potential shifts to be more negative 
with the increase of the limiting current. 

The temperature coefficient of the half-wave 
potential was obtained to be about 3 millivolts 
per degree over the temperature range of 0 to. 
50°. This value of the temperature coefficient 
is much larger than the value which is expected 
when the reduction process of the hydrogen | 
ion proceeds under the condition of the diffu- 
sion-controlled type. 

The Kalousek’s methods were applied to the- 
hydrogen wave in order to test the reversibility 
of the reduction process and it was shown 
that this process is one of the irreversible type. 

These experimental results were satisfactorily 
explained by assuming the ‘reduction process. 
of the hydrogen ion as follows: First, the 
hydrogen ion is adsorbed on the surface of 
the D. M. E., and, next, the adsorbed hydrogen. 
ion is neutralized to the hydrogen atom under 
the condition of the activation-controlled 
process. In this case it was assumed that the 
equilibrium state represented by the Freundlich 
adsorption isotherm exists between the hydro- 
gen ion in the neighborhood of the electrode 
surface and the adsorbed hydrogen ion in the 
adsorbed layer. 

The value of the free energy of activation 
of the overall discharge process of the hydrogen 
ion was calculated. 
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